Sorption behaviour of metal contaminants in clay minerals, soils and matrices: understanding the influence of organic matter, pH, ionic strength and mineralogy by Olanrewaju Anjolaiya (7166069)
 Thesis 
 
Sorption Behaviour of Metal Contaminants in Clay Minerals, Soils and Matrices: 
Understanding the Influence of Organic Matter, pH, Ionic Strength and Mineralogy 
 
 
 
By Olanrewaju Lukman Anjolaiya 
 
 
 
Submitted in partial fulfilment of the requirements for the award of 
 
Doctor of Philosophy 
 
 
 
Loughborough University 
February 2014 
 
 
 
Research Supervisor: Dr Nick Evans 
 2 
ABSTRACT. 
Many chemical and physical factors govern the mobility of metal contaminants in soils and 
clay systems; some of these chemical factors include mineralogical composition, cation 
exchange capacity, organic matter content, pH and the ionic strength of soil water. This 
makes understanding and therefore predicting the fate of metal contaminants in soils a 
complex undertaking. 
There were two broad objectives in this study. The first was to investigate binary and ternary 
sorption systems, with the aim to understand the effects that factors such as pH, ionic 
strength, organic matter and metal concentrations, have on sorption of simple clay minerals 
(bentonite and kaolinite) with metals (cadmium, caesium, nickel and strontium).  The second 
was to investigate the retention of heavy metals and radionuclides by well characterised 
organic-rich and organic-poor clay soils, breaking them down to their individual components 
to help understand the effects of each component separately, the study also tested to see if the 
additivity principle holds for these heavy metals and radionuclides, the additivity principle 
presumes that the overall sorption behaviour of a complex mixture is a summation of the 
weighted individual sorption behaviours of its constituents. The study also determined the 
relationship between the natural organic matter (NOM) content and cation exchange capacity 
(CEC) of the soils and how these affect the mobility of the metals, while also considering the 
relative importance of the speciation of the metals. 
Two British clay soils (Mercia Mudstone and London Clay) and two Nigerian soils (an 
organic-rich Ikeja Loam and the other organic-poor Magodo Laterite) were characterised by 
X-ray diffraction (XRD) analysis. Batch techniques were employed for the sorption studies, 
and radiometric techniques, ICP-OES and ICP-MS were used to quantify metal distribution 
between phases. 
The sorption of dissolved organic matter to clay minerals is very dependent on pH; this 
dependence is greater with increasing concentration of organic matter. The formation of 
metal-humate complexes is dependent on the nature of the metal and pH. Caesium exhibits 
no discernible sorption to humic acid, cadmium sorption is enhanced by increasing alkalinity 
but this enhancement is slightly reduced in higher concentrations of humic acid, nickel 
sorption is mostly unaffected by pH except in higher concentrations of humic acid and 
enhanced only under very low concentrations of humic acid, while strontium sorption to 
humic acid is reduced with increasing alkalinity. The nature and preference of humic acid 
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sorption for these metals are vital to understanding the role played by humic acid in the 
ternary sorption studies of metals, humic acid and clay minerals. 
Strongly acidic conditions dominate other factors affecting sorption such as ionic strength in 
sorption of metals to clay minerals. Caesium sorption to bentonite at pH 4 is poor and almost 
unaffected by ionic strength of the electrolyte solution; saturation of sorption sites is reached 
with low amounts of adsorbed caesium. Strontium also binds poorly to bentonite at pH 4, 
more so than caesium, but an ionic strength effect on sorption still exists and is discernible 
even under these conditions. Increasing alkalinity has the expected effect of increasing 
sorption capacity of bentonite for both metals.  
Bentonite has poor sorption properties, having low affinity for caesium and strontium, but has 
greater affinity for caesium than strontium. The presence of  humic acid can  enhance or 
suppresses sorption, this varies from metal to metal  and from  solid to solid,  the degree of 
enhancement or suppression also depends on humic acid concentration.  
Kaolinite has better sorption properties than bentonie. Cadmium has greater sorption affinity 
for kaolinite in the absence of humic acid, but nickel sorption is more enhanced in the 
presence of humic acid. Although the presence of humic acid enhances cadmium and nickel 
sorption to kaolinite, low humic acid concentration provides the best conditions for maximum 
sorption of both metals. High concentrations of humic acid lead to colloid formation which 
block access of metals with larger hydration radii to sorption sites while also encouraging the 
formation of humic acid-metal complexes.  
As with bentonite, caesium and strontium are both poorly sorbed by kaolinite. Unlike with 
cadmium and nickel however, the enhancement of strontium sorption is supported by higher 
concentrations of humic acid, these confirm a greater preference for the formation of S-HA-
Sr ternary and lower preference for the formation HA-Sr binary complexes. The presence of 
humic acid inhibits caesium binding, and retention but this reduces with increasing alkalinity, 
while the reverse is the case with strontium whose retention is very poor and improved in the 
presence of humic acid and increasing alkalinity.  
Both caesium and strontium are poorly sorbed and retained by kaolinite but their retention 
improves with increasing humic acid concentration and pH. Cadmium and nickel also exhibit 
poor retention to kaolinite but their retentions are more improved under alkaline conditions 
and higher humic acid concentrations, nickel more so than cadmium. 
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Similar sorption affinities were exhibited by the British (London Clay and Mercia Mudstone) 
and Nigerian soils (Magodo Laterite and Ikeja Loam) for the metals studied, showing the 
significance of soil constituent contribution to sorption behaviour. Both British clay matrices 
have affinity for the metals in the order Cs >> Cd ≈ Ni >> Sr, London Clay has the greater 
sorption capacity for all the metals, the clay mineral content of Mercia Mudstone is almost 
entirely made up of Illite while London Clay contains a mixture of smectite, illite and 
kaolinite with smectite being the most prevalent clay mineral phase. These confirm that 
smectite-rich clay systems will exhibit better sorption and retention capacities for metal 
contaminants. 
Both Nigerian soils showed the same order of affinity for all the metals Cd >> Ni >> Cs >> 
Sr, cadmium’s preferential sorption to kaolinite was observed in its greater sorption and 
retention by the Nigerian soils which are kaolinite-rich. This preferential sorption of 
cadmium by kaolinite is confirmed by the ‘Standard Addition’ experiment where its 
contribution to cadmium sorption is clearly evident, a trend not replicated with nickel as the 
sorbing metal.  
The presence of organic matter in soils or clay systems improves their metal sorption capacity 
significantly, especially true for insoluble organic matter, however its’ significance is reduced 
as pH increases.  The contribution of organic matter also depends on the sorption affinity of 
the metal for organic matter; metals such like strontium are more affected by organic matter 
presence. 
The overall sorption behaviour of complex systems such as soils is difficult to attribute to 
their individual constituents. The laterite soils can be considered a relatively simple soil 
system containing only four constituents in significant quantities, yet it is difficult to replicate 
its sorption behaviour using a replicate proportioned mixture of its constituent phases. The 
additively calculated sorption profiles for the synthetic laterite were different from those 
obtained experimentally, the reason for this is that the existence of significant particle size 
differences between the natural and synthetic soils give rise to differences in the availability 
of sorption sites which is evident from the different CEC values measured for both systems. 
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Chapter 1 
 
Introduction
1.0 Introduction 
Soils play a vital role in the sustenance of all life forms on the planet. From the simplest of 
functions like providing anchorage and nutrients for the growth of crops, trees and grassland, 
and regulating water supplies, to more complex functions such as helping maintain a clean 
environment, and being a source and sink for atmospheric gases, the importance of soils to all 
life forms cannot be overstated.  
Soils may become polluted by heavy metals and radionuclides from a variety of sources, 
these sources include industrial processes, accidents, application of sewage sludge, fertilisers 
and atmospheric deposition, disposal of electronic waste, nuclear weapons testing, or in the 
future by the geological disposal of radioactive waste. Unfortunately some of these heavy 
metals and radionuclides can be taken up by crops and enter the food chain. Therefore, soils 
provide a potential pathway with which radionuclides and heavy metals may become 
bioavailable to humans.  
Radionuclides are naturally not present in large enough quantities to be hazardous by 
themselves, but the radiation they emit is highly toxic to animals. Particularly dangerous are 
those radionuclides that have similar chemistry to biologically essential elements, an example 
is strontium, which has a similar chemistry with calcium, allowing radionuclides of strontium 
to accumulate in bone tissues, emitting radiation and causing fractures. Exposure to radiation 
can cause leukaemia, eye cataracts, various forms of cancer, and even death in cases of very 
acute exposures. Heavy metals such as cadmium, copper, lead, mercury, nickel and zinc pose 
the greatest toxicological hazards to plants and animals. 
As the world’s population and economies continue to grow, so does the demand for energy. 
Nuclear power plants provide a relatively cheap and efficient way to produce energy, but the 
safe disposal of the radioactive wastes they produce has long been a controversial issue. 
Many options have been considered for the disposal of radioactive wastes, with many 
countries deciding that burying in geological repositories applying the multi-barrier concept 
presents the safest option.  
Pollution caused by the recovery and disposal of electronic waste (e-waste) constitutes more 
of a problem in developing countries (of the world) where there are lower environmental and 
labour standards, cheap labour, and relatively high value for the recovered raw materials. 
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Electronic waste is sent to such countries for resale or processing, sometimes illegally making 
them dumping grounds for e-waste. Along with many carcinogenic organic materials, e-waste 
contains toxic metals such as lead, tin, copper, cadmium, lithium, nickel, arsenic, as well as 
trace amounts of many more. 
Soils are by nature very complex. They are heterogeneous mixtures of air, water, inorganic 
and organic solids. The inorganic components of soils include primary and secondary 
minerals like quartz, feldspar, kaolinite, montmorillonite, and several more. The properties of 
these minerals govern the reactions and processes occurring in soils. The organic components 
of soils or Soil Organic Matter (SOM) due to their complex chemical and physical properties 
are perhaps the least understood materials available in nature, where they have a very 
pronounced effect on soil chemical reactions. Soils vary from place to place and their 
constituents from region to region and within regions, this gives rise to the wide range of 
chemistries exhibited by soils and explain the difficulty of studying and understanding 
contaminant behaviour in them. 
In order to understand the fate of toxic metals and radionuclides in soils and therefore the 
hazard that they pose, knowledge of the chemical processes or reactions that they undergo 
and the factors that influence their speciation, distribution, reactivity, mobility and toxicity is 
essential. The chemical and physical properties of the inorganic and organic components of 
soils govern their equilibrium and kinetic processes; these processes include oxidation-
reduction, ion exchange, precipitation-dissolution, adsorption-desorption, complexation and 
polymerisation. All of these processes aid the retention or release of the contaminants in soils, 
and hence determine their bioavailability. The term ‘sorption’ is often broadly used to 
encompass all processes that involve either the retention or release of contaminants in soils, 
the same definition is employed here. 
Sorption processes are one of the most important chemical processes that occur in soils, they 
govern the rate and quantity of nutrient uptake by plants, transport of heavy metals, 
radionuclides, pesticides, organic pollutants and other materials within soil systems. Sorption 
processes are complex and are influenced by soil properties such as texture, bulk density, pH, 
organic matter, cation exchange capacity, and the type and amount of the different clay 
minerals present in any particular soils.  
The study of the sorption behaviour of heavy metals and radionuclides in clay soils is 
essential if the potential hazards posed by the disposal of radioactive wastes by deep 
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geological disposal are to be mitigated. Data obtained from such studies can provide useful 
information when selecting a site for radioactive waste disposal and remediation works on 
contaminated sites. 
There are three broad objectives in this study.  
• The first is to investigate binary and ternary sorption systems, with the aim to 
understand the effects that factors such as pH, ionic strength, organic matter and metal 
concentrations, have on sorption of simple clay minerals (bentonite and kaolinite) 
with metals (cadmium, caesium, nickel and strontium).   
• The second is to investigate the retention of metals by well-characterised organic-rich 
and organic-poor clay soils, breaking them down to their individual components to 
help understand the effects of each component separately and determine if the 
‘additivity’ principle holds for these metal-clay soil systems.  
• The study will also determine the relationship between the natural organic matter 
(NOM) content and cation exchange capacity (CEC) of the soils and how these affect 
the mobility of the metals, while also considering the relative importance of the 
speciation of the metals. 
The metal contaminants to be studied are cadmium, caesium, strontium and nickel. The clay 
soils will be, Mercia Mudstone, London Clay and organic- rich Nigerian clay soils, they will 
be characterised by Powder X-ray diffraction (XRD). The clay minerals to be considered will 
be kaolinite and bentonite. Batch techniques would be employed for the sorption studies, and 
radiometric techniques, ICP-OES and ICP-MS will be used to quantify metal distribution 
between phases.  
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1.1  Need for Study 
 
1.1.1  Geological Repositories for Radioactive Waste Disposal 
The long timescales over which some radioactive wastes remain hazardous necessitated the 
idea of deep geological disposal in underground repositories in stable geological formations. 
Isolation is provided by a combination of engineered and natural barriers and is often termed 
a ‘multi-barrier concept’, and virtually no obligation to actively maintain the facility is passed 
on to future generations (1). These repositories are designed to comprise of mined tunnels 
into which packaged waste would be placed. In some cases, the waste containers are 
surrounded by a material such as cement or clay (often bentonite) to provide another barrier; 
this is called a buffer and/or backfill. The choice of waste container materials and design, and 
buffer or backfill material varies depending on the type of waste to be contained and the 
nature of the host rock-type available (1).  
In the UK, the deep disposal concept proposes to use a combination of engineered and natural 
barriers to contain and isolate low and intermediate level radioactive wastes for the long-term 
and so protect human health and the accessible environment. These barriers include (2): 
• Physical containment in stainless steel and concrete containers. 
• Geological isolation in vaults excavated deep underground. 
• Chemical barrier provided by backfilling the vaults with a specially designed 
cement-based material. 
• Geological containment through eventual sealing of the repository. 
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Figure 1: The components of the UK multi-barrier repository concept (3) 
 
Different concepts for the design of underground repositories are in different stages of 
planning and development by many countries including Finland, Germany, Sweden, 
Switzerland, Japan, Spain, USA and the UK. These repositories have essentially the same 
objective, to isolate radioactive wastes for the long-term and so protect human health and the 
accessible environment. In deep geological disposal systems such as the proposed UK multi-
barrier repository in Figure 1 above, the barriers include the natural geological barrier and the 
engineered barrier system (EBS). The natural barriers include the host rock and surrounding 
geological formations while the EBS may itself comprise a variety of sub-systems or 
components, such as the waste form, canister, buffer, backfill, seals and plugs (4).  
The purpose of an EBS as a whole is to prevent and/or delay the release of radionuclides 
from the waste to the repository host rock. The engineered barriers must function as an 
integrated system and, thus, there are requirements such as the need for one barrier to ensure 
favourable physicochemical conditions so that a neighbouring barrier can fulfil its intended 
function (4).  
 
The EBS consists of the waste form as a very slow dissolving material, the canister 
containing the waste form which provides complete containment as long as the canister is not 
breached by corrosion or physical destruction, a buffer and/or backfill material placed 
between that canister and the natural surroundings which provides for slow migration of 
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escaping radionuclides, and the last engineered barriers being any materials used to seal 
likely pathways such as boreholes, shafts, tunnels, or fracture zones (5). 
 
The specific role that an EBS is designed to play in a particular waste disposal system is 
dependent on the conditions that are expected to occur over the period of interest, on 
regulatory requirements (e.g. for waste containment), and on the anticipated performance of 
the natural geological barrier. To be effective, an EBS must be tailored to the specific 
environment in which it is to function. Consideration must be given to factors such as the 
heat that will be produced by the waste, interactions between different materials in the waste 
and the EBS, the groundwater chemistry (e.g. pH and RedOx conditions) and flux, the 
mechanical behaviour of the host rock, and the evolution of the disposal system (4). 
 
The natural barrier provides the final barrier, preventing the release of radionuclides to the 
accessible environment or biosphere (near-surface or surface environment) as seen in Figure 
2 below. The natural system, under expected conditions, could induce transport of 
radionuclides by interactions with groundwater and also, possibly through transport of 
volatile radionuclides in the gas phase. The natural system acts, however, as an effective 
barrier to radionuclide migration because chemical reactions will retard the movement of 
most chemical species in the groundwater. These reactions include the precipitation and co-
precipitation of stable crystalline phases (the reactions between species in solution with the 
surfaces of minerals, for example ion exchange, adsorption, etc.), and the formation and 
destruction or filtration of colloids (5). Therefore, it is very important to understand both the 
chemical and physical processes involved in the migration of radionuclides. 
The time it would take for radionuclides to migrate from the repository through to the 
biosphere depends on two key factors: 
1. The ‘groundwater travel time’ which is a function of the groundwater flow rate and 
the distance between the repository and biosphere; and 
2. The degree of sorption of radionuclides to rock materials in the geosphere.  As with 
sorption to backfill in the repository, the degree of sorption to rock materials varies 
according to the chemical elements of the various radionuclides in the wastes. 
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1.1.2  Electronic Waste in Disposal in Lagos 
Nigeria has been undergoing rapid ICT transformation in recent years importing new, 
second-hand or used computers, mobile phones, and TV sets from developed countries. 
These appliances, together with other electrical and electronic equipment (EEE), are also 
contributing to the ever-growing amount of waste electrical and electronic equipment 
(WEEE) or e-waste for short, when they reach their end of life (6). 
Many such imported second-hand electronics never make it to market because they do not 
work and are discarded as waste; these waste items are disposed with municipal solid waste 
at open dumps, into surface water bodies and at unlined landfills, which are not monitored 
(7). 
Lagos being the largest port city and economic capital of Nigeria, bears the bulk of this 
environmental and health-risk burden. Lagos is a small (999.6 km2) densely populated coastal 
city located in South-west Nigeria as can be from Figure 3 below, where suitable landfill site 
options are limited, and engineered landfill options difficult to afford. 
 
Figure 2: Pathway from repository to biosphere 
(3) 
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Figure 3: Population Densities in Nigeria (8) 
 
Figure 4: Soil Zones and Types in Nigeria (8) 
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As can be seen from Figure 4, there are two predominant soil types in Lagos, lateritic forest 
soils to the north and alluvial soils to the south and around the many fresh water bodies, 
swamps and marshes. Figure 5 shows the location where these two soil types where collected 
for purpose of this study. 
 
 
 
 
 
 
 
 
Ikeja Loam 
Magodo Laterite 
Figure 5: Soil samples and location of collection (144) 
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1.2  Soils to be Investigated 
 
1.2.1  London Clay 
The London Clay constitutes the major division of Eocene rocks in the London basin (the 
Eocene Epoch lasted from 57.8 to 36.6 million years ago) (9). It is a marine geological 
formation from the Ypresian stage, the lowermost division of Eocene rocks and times. In the 
London Basin, London Clay is as much as 200 meters thick (9). London Clay consists of a 
fairly monotonous, stiff, bluish grey coloured clay, which becomes brown when weathered, 
nodular lumps of pyrite (FeS2) and crystals of selenite (gypsum, CaSO4.2H2O) also 
frequently occur within the clay (10). London clay is characterised by an abundant and 
diverse marine fauna of mulluscs, crustaceans, fish, reptiles and microfauna of essentially 
pegalic forms, it also contains a large variety of terrigenous plant material (more than 500 
species) (10). The London Clay Formation is the thickest and most widespread tertiary unit in 
Britain and reaches a thickness of over 200 m in the east of the London basin (10). 
Several investigators have studied the mineralogy of London Clay Formation. The majority 
of these studies have found that London Clays are mostly dominated by illite and smectite, 
lesser amounts of chlorite, kaolinite and quartz, as well as trace amounts of pyrite, gypsum, 
and feldspar (11) (12) (13). 
A study (14) using samples taken from Bradwell, Essex found clay mineral contents of mica 
(35 wt %), smectite (30 wt %), kaolinite and chlorite (12 wt %), quartz (15 wt %) with 
subordinate feldspar and siderite, as well as trace amounts of calcite and dolomite. Surface 
area measurements ranged from 157 – 281 m2 g-1 (with a mean of 231m2 g-1), while cation 
exchange capacity (CEC) measurements of 21.7 – 35.7 meq 100 g-1 (with a mean of 27.3meq 
100 g-1) were obtained (14). 
Another study on samples from the London Basin found a uniform distribution of smectite 
and illite and minor amounts of kaolinite and chlorite (15). 
The most recent work (10) studying samples from more than 25 locations in Britain found 
quartz content (20 – 70 wt %), feldspar (albite, K-feldspar, < 10 wt %), phyllosilicates/clay 
minerals (40 – 80 wt %), carbonate minerals (calcite, dolomite, siderite <3 wt %), as well as 
trace amounts of pyrite, goethite and gypsum (10). 
A picture of London Clay sample used in this work is presented in Figure 6 below. 
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1.2.2  Mercia Mudstone 
The Mercia Mudstone Group is a sequence of predominantly mudrock strata which underlies 
much of central and southern England and on which many urban areas and their attendant 
infrastructure are built (16). The Mercia Mudstone group consists of beds of various 
mudstones, siltstones and sandstones. It is the mudstone that is most commonly encountered 
in construction. The Mercia Mudstone Group contains sandstone beds and evaporite 
minerals, mainly halite (sodium chloride) and gypsum (calcium sulphate, 2H2O) (16). The 
Mercia Mudstone Group ranges in age from Mid Triassic (Anisian) to latest Triassic 
(Rhaetian) (16). 
 
The mineral assemblage usually includes quartz, carbonates, sulphates, mica, clay minerals 
and iron oxides and significant thicknesses of halite deposits are present, at depth, in some 
basins (16). In the 1960s mineralogical studies of ‘Keuper Marl’, mainly from the West 
Midlands, found that the clay mineral content of the mudstones ranged from 60 wt % to more 
than 90 wt % (17) (18). These values were determined mainly by X-ray diffraction (XRD). 
However, when the clay content was determined by particle size analysis it was usually found 
to be between 10 and 40% (19) (20). The analysis of whole-rock mineral composition using 
X-ray diffraction methods may not be reliable because phyllosilicates of particle size greater 
than 0.002 mm, such as silt-size (0.002-0.063 mm) mica and chlorite, interfere with the 
measurement of clay-size (< 0.002 mm) illite and chlorite (16). Therefore, it is unlikely that 
Figure 6: London Clay 
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the Mercia Mudstone group contains material with such a high percentage of clay-size clay 
minerals (16). 
 
The main non-clay minerals present in Mercia Mudstone are quartz, calcium and magnesium 
carbonates, calcium sulphates, micas, iron oxides, and halite (16). Feldspar may also be 
present and several heavy minerals occur in very small quantities, Quartz (SiO2) is present 
throughout the Mercia Mudstone Group (16).  Dolomite CaMg(CO3)2 and calcite (CaCO3) 
are important constituents of the Mercia Mudstone Group and are often the main binding 
agents (16). Dolomite is usually the dominant carbonate and may comprise up to 50 wt % of 
the carbonate-rich beds. Calcite may comprise up to 30 wt % of the rock in some mudstones 
and over 30 wt % in the limestone lithologies of South Wales (16).  
 
The major clay minerals of the Mercia Mudstone group are illite, chlorite, mixed layer clays 
(illite-smectite, chlorite-smectite) and, in some horizons, smectite (16). Illite and chlorite are 
present throughout the Mercia Mudstone group, illite is the major component of the clay 
mineral assemblage while chlorite is a minor component (16). A picture of Mercia Mudstone 
sample used in this work is presented in Figure 7 below. 
 
 
Figure 7: Mercia Mudstone 
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1.2.3  Magodo Laterite 
Laterites are a red-coloured clay-rich soil layer that is rich in iron oxides, derived from a wide 
variety of rocks weathering under strongly oxidizing and leaching conditions. They are found 
mostly in tropical and subtropical regions of the world, where the climate is characterised by 
high temperatures and humidity, as well as abundant rainfall (21). Lateritic soils tend to 
contain clay minerals, but tend to be silica poor, because water washes out bases and silicic 
acid (22). Laterites are porous and claylike, and contain oxide minerals goethite (FeO(OH)), 
lepidocrocite (γ-FeO(OH)), and hematite (Fe2O3). They also contain titanium oxides and 
hydrated oxides of aluminum, the most common and abundant of which is gibbsite, Al(OH)3 
(21). The aluminum-rich representative of laterite is bauxite. 
Lateritic soils are poor in soluble elements such as sodium, potassium, calcium, magnesium 
and silicon, as they are lost through dissolution in rainwater during weathering (23). They are 
thus rich in insoluble elements such as iron and aluminium (23). Lateritic soils consist mainly 
of the minerals, kaolinite, goethite, hematite and gibbsite. Many lateritic soils contain quartz 
as relatively stable relic mineral from the parent rock (23). The iron oxide hematite and 
hydrated oxide goethite cause the red colour of lateritic soils.  
Lateritization of ultramafic igneous rocks (serpentine, dunite, or peridotite containing about 
0.2 – 0.3 wt % nickel) often results in a considerable nickel concentration (24). They are two 
kinds of lateritic nickel ores. A very iron-rich nickel limonite or nickel oxide ore at the 
surface contains 1 – 2 wt % Ni bound in goethite which is highly enriched due to very strong 
leaching of magnesium and silica (24). Beneath this zone nickel silicate ore can be formed, 
frequently containing > 2 wt % Ni that is incorporated in silicate minerals primarily 
serpentine. In pockets and fissures of the serpentinite rock green garnierite can be present in 
minor quantities, but with high nickel contents (mostly 20 – 40 wt %) (24).  
Lateritic soils are widely occurring, their compositions varying from region to region and 
within regions. A study (25) characterized nickeliferous limonite samples from the Sunkida 
region in Orissa, India using X-ray diffraction (XRD), IR spectroscopy and scanning electron 
microscopy (SEM), and found the major minerals present to be goethite, hematite, quartz and 
chromite (25). No specific nickel mineral was present, but it was observed that more than 
50% of nickel was present as lattice substitutions in goethite (25), replacing Fe2+ (possible 
formula FeNi(O(OH))2 or FeO(OH).NiO(OH)). Lattice or isomorphous substitution is the 
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substitution of one element for another in ionic crystals with out change of the structure. It 
takes place during crystallization and is not subject to change afterwards. It takes places only 
between ions differing by less than about 10% to 15% in crystal radii. In tetrahedral 
coordination, substitution of Al3+ for Si4+ and in octahedral coordination Mg2+, Fe2+, Fe3+ for 
Al3+ can occur. Charges developed as a result of isomorphous substitution are permanent and 
not pH-dependent. 
A study (26) characterised laterite samples from the Bankura District, West Bengal, India 
using XRD and SEM techniques (26), and obtained mineral compositions of silica (72.9 wt 
%), alumina (14.51wt %), hematite (3.7 wt %), potassium and sodium oxides (1.81 wt %), 
calcium oxide (2.00 wt %), magnesium oxide (0.8 wt %), phosphorous oxide (2.35 wt %), 
titanium oxide (1.49 wt %) and sulphur trioxide (0.55 wt %) (26). 
Another study (27) investigated laterite samples from Ilorin, in West Central Nigeria using 
XRD techniques and X-ray fluorescence spectrometry for chemical composition 
determination (27). The laterite soil samples were composed of kaolinite and illite clay 
minerals with some quartz and feldspar. They were found to be rich in SiO2 (> 45 wt %), 
Fe2O3 (> 16 wt %), and A1203 (> wt 10%) (27). 
Additional studies (28 and 29) investigated sulphide laterite ores obtained from Ishiagu, in 
the South Eastern region of Nigeria. X-ray diffraction (XRD) analysis of the bulk ore 
revealed 42 wt % siderite, 35 wt % sphalerite, 11 wt % galena and 8 wt % quartz (28) (29). 
The lateritic soils used in this study were obtained from the Magodo area of Lagos in South-
western Nigeria. Figures 4 and 5 show the soil classification in Nigeria and the geographic 
context of the sample collection locations, while Figure 8 below presents a picture of the 
Laterite investigated in this study. 
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Figure 8: Magodo Laterite 
 
 
1.2.4  Ikeja Loam 
Loam is soil composed of sand, silt, and clay in relatively even composition (about 40-40-20 
wt % respectively). Loam soils generally contain more nutrients and humus than sandy soils, 
have better infiltration and drainage than silty or clay soils. 
Loams are gritty, moist, and retain water easily. Loam is ideal for growing crops because it 
retains nutrients well and retains water while still allowing the water to flow freely. This soil 
is found in a majority of successful farms in regions around the world known for their fertile 
land. Loamy soils feel soft and are easy to work over a wide range of moisture conditions.  
The loam used in this study was obtained from the Ikeja area of Lagos, in South-western 
Nigeria. Literature searches returned no information on characterisation work carried out on 
these soils. Figures 4 and 5 show the soil classification in Nigeria and the geographic context 
of the sample collection locations, while Figure 9 below presents a picture of the Loamy soil 
investigated in this study. 
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Figure 9: Ikeja Loam
  
 
Chapter 2 
 
Background and Concepts 
Used in Study
2.0  Background and Concepts Used in Study 
 
2.1  Sorption in Soils 
The capacity of soils to retain or release ionic species is an essential function of soils in the 
biosphere. Ion retention in soils is governed by sorption phenomena which take place at the 
interface between the soil solid phase and liquid mobile phase. An understanding of sorption 
processes involving the soil must be based upon relatively detailed knowledge of the different 
types of solid phase constituents present in nature. 
Dissolved, colloidal and suspended heavy metal or radionuclide species in ground or surface 
water can be transported by two mechanisms: 
• Advection: Movement by groundwater flow. 
• Diffusion: Spreading of soluble species in water by random molecular motions if 
there is little or no groundwater flow.  
 
Advection is considered the dominant process in highly permeable features, such as fractures 
in crystalline and argillaceous formations, and sandy horizons within clay beds and densely 
welded tuffs. For tight plastic (unfractured) clays, diffusion is usually considered the 
dominant process of transport (30). 
Migration of heavy metals and radionuclides by advection or diffusion is opposed or reduced 
by various retardation or sorption mechanisms. ‘Sorption’ is a general term used to describe 
the removal of solutes from solution, this covers the full range of processes which may occur 
in soils. Sorption can occur by physical or chemical processes, these mechanisms are listed 
below. 
• Dispersion: Normal thermal and molecular diffusion processes, in conjunction with 
water's ability to penetrate the pores and fissures of surrounding rocks, will cause 
dispersion of the radionuclide. 
• Matrix Diffusion: Dissolved species can be carried or diffuse into dead end pores or 
fissures where they will remain for a period of time. 
• Size Inclusion/Exclusion: Smaller radionuclide species may enter molecular size 
pores where larger species are excluded. 
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• Ion Inclusion/Exclusion: Mineral surfaces generally carry net negative charges, 
accordingly negatively charged species might be unable to penetrate some pores due 
to electrostatic repulsion.  
• Physical Adsorption: Due to Van der Waal's forces of attraction at surfaces, slowing 
overall progress of affected species. 
• Ion-Exchange: Competition for oppositely charged sites on mineral surface 
influences migration rates; the outcome depending on relative charges and sizes of 
competing cations. 
• Precipitation: Surfaces generally promote precipitation from saturated solutions. 
• Chemisorption/Mineralisation: Radionuclide may react with host rock material and 
become incorporated in surface or bulk matrix. Such processes are usually 
irreversible and terminate the migration of the species. 
 
However, the most important processes in soils are broadly classified as;  
• Physical adsorption via surface complexation, 
• Ion exchange, and  
• Surface precipitation. 
As stated, the term ‘sorption’ describes a broad range of processes. At one end, there is the 
low energy binding referred to as ‘physical adsorption’. On the other end, there is actual 
precipitation reaction, leading to the formation of chemical compounds, usually formed as 
precipitates from solution when their solubilities are exceeded. There are also surface 
precipitates, which can be regarded as surface coatings. 
 
2.1.1  Surface Complexation 
A surface complex is formed when a surface functional group interacts with an ion or 
molecule present in soil solution to create a stable entity, this reaction is called surface 
complexation (31). Surface complexation includes specific adsorption and occurs on edge 
sites. It involves the formation of direct bonds between the metal cations, surface hydroxyl 
groups and oxygen atoms, these bonds are intermediate in strength between ionic and 
covalent bonds (32). There are two types of surface complexation: 
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1. Inner-Sphere Complexation: Complex formation where there is no water molecule 
present between the surface functional group and the ion or molecule bound to it. 
They are usually slower than outer-sphere complexation, often irreversible, and can 
increase, reduce, neutralize or reverse the charge on the sorbent ion or molecule 
regardless of the original charge. Inner-sphere complexes can be monodentate (metal 
is bound to only one oxygen) or bidentate (metal is bound to two oxygens) and 
mononuclear or binuclear as shown in Figure 10. 
 
2. Outer-Sphere Complexation: Complex formation where water molecule(s) is/are 
present between the surface functional group and the ion or molecule bound to it. 
Outer-sphere complexes involve electrostatic coulombic interactions and are thus 
weak compared with inner-sphere complexes in which the bonding is ionic or 
covalent. 
 
 
Environmental factors such as pH, surface loading, ionic strength, type of sorbent and time 
all affect the type of surface complex or product. 
 
 
 
Figure 10: Inner- and Outer-Sphere Complexes at the Solid-Solution Interface (33) 
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2.1.2  Surface Precipitation 
As the amount of metal cation sorbed on a surface (surface coverage or loading, which is 
affected by pH at which sorption occurs) increases, sorption can proceed from mononuclear 
absorption to surface precipitation (a three dimensional phase) (34).  Surface precipitation 
can occur for several reasons thermodynamically: 
• The solid surface may lower the energy of nucleation by providing sterically similar 
sites (35). 
• The activity of the surface precipitate is less than 1 (36). Activity is a measure of the 
effective concentration of a species in a mixture; it is proportional to concentration 
but also depends on environmental factors such as the ionic strength and composition 
of the mixture. The activity of pure solids or liquids is normally taken as unity. 
• The solubility of the precipitate is lowered because the dielectric constant of the 
solution near the surface is less than that of the bulk solution (35). 
There are also many kinds of surface precipitates. 
• They may form from polymeric metal complexes (dimers, trimers, etc) that form on 
mineral surfaces and via sorption of aqueous polymers (37). 
• Homogeneous precipitates may also form on a surface when the solution becomes 
saturated and the surface acts as a nucleation site (34). 
• When adsorption attains monolayer coverage, sorption continues on the newly created 
sites, causing precipitation on the surface (38). 
Coprecipitation is thought to occur when the precipitate consists of chemical species derived 
from both the aqueous solution and dissolution of the mineral, the composition of the 
precipitate thus varying between that of the original solid and a pure precipitate of the sorbing 
metal. The ionic radius of the sorbing metal must be similar to that of the sorbent ions for 
coprecipitation to occur. 
Surface-induced precipitation occurs when precipitates are formed under solution conditions 
that would, in the absence of a sorbent, be undersaturated with respect to any known solid 
phase (39). 
Surface complexation (adsorption) and surface precipitation are inherently similar, the 
favourability of one over the other depends on (35): 
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1. The ratio of the number of surface sites and number of metal ions in solution. 
2. The strength of the metal oxide bond. 
3. The degree to which the bulk solution is undersaturated with respect to the metal 
hydroxide precipitate. 
At low surface coverage, surface complexation (e.g. inner- and outer-sphere adsorption) 
dominates. As surface coverage increases, nucleation occurs and results in the formation of 
distinct entities or aggregates on the surface, a further increase in surface coverage allows 
surface precipitation to dominate the sorption process. 
 
2.1.3  Ion Exchange Processes 
Ion exchange is the interchange between an ion in solution and another ion in the boundary 
layer between the solution and a charged surface (31). The sources of cation exchange in soils 
are clay minerals, organic matter and amorphous minerals (34). The ion exchange capacity is 
the maximum adsorption of readily exchangeable ions (diffuse-ion swarm and the outer-
sphere complexes) on soil particles (36).  
Ion exchange processes involve electrostatic interactions between a counterion in the 
boundary layer between the solution and a charged particle surface and counterions in a 
diffuse cloud around the charged particle. They are usually rapid, diffusion-controlled, 
reversible, stoichiometric, and in most cases selective, favouring the exchange of one ion 
over another. 
Stoichiometry means that any ions that leave the colloidal surface are replaced by an 
equivalent amount of other ions (in terms of charge) due to the electroneutrality requirement. 
Since electrostatic processes are involved in ion exchange, Coulomb’s law can be invoked to 
explain the selectivity or preference of the ion exchanger for one ion over another. Usually, 
for a given group of elements with the same valency, ions with the smallest hydrated radii are 
preferred, since ions are hydrated in the soil environment. For ions with different valencies, 
generally the higher charged ion is preferred (34). 
Polarization, the distortion of the electron cloud about an ion affects the selectivity of ions by 
the exchanger irrespective of charge. The smaller the hydrated radius of cations, the greater 
the polarization and the greater its valence, the greater its polarizing power. The rate of ion 
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exchange in soils is also dependent on the type and quantity of inorganic and organic 
components, and the charge and radius of the ion being considered (40). With clay minerals 
like kaolinite, where there are only external exchange sites, the rate of ion exchange is rapid, 
because most of the little sorption activity occurs along the edges and surfaces of the 
structure. while in 2:1  (octahedral sheet sandwiched between two tetrahedral sheets) clay 
minerals like vermiculites and micas where there are external and internal exchange sites, the 
rate of ion exchange is slower (34). Micas are a closely related group of hydrous potassium, 
aluminum silicate minerals. They are phyllosilicates that exhibits a two-dimensional sheet or 
layer structure; common examples include muscovite, biotite, lepidolite and phlogopite. 
A number of soil properties influence the sorption or release of heavy metals and 
radionuclides, these properties include texture, bulk density, chemical speciation, pH, organic 
matter and the type and amount of clay minerals present in the soil. In order to predict the 
transport of radionuclides in soils, the effects of the different sorption mechanisms and soil 
properties must be understood. 
 
2.2  Chemical Speciation 
The term chemical speciation is used to indicate the distribution of an element amongst 
defined chemical species in a system or sample matrix. It is now widely accepted that the 
distribution, mobility, bioavailability and toxicity of chemical elements not only depends on 
their concentrations but, also critically on their chemical forms. The chemical forms of 
elements determine their physical and chemical associations in natural systems. Changes in 
the environmental conditions (pH, redox potential, temperature, availability of reactive 
species, particle surface for adsorption) of natural systems have strong influences on the 
behaviour of these elements in the environment.  
To completely understand the chemistry of metals or radionuclides in the environment and 
the associated polluting or toxicological effects, detailed speciation is essential. For example, 
a decrease in the pH of rainwater resulting from the burning of sulphur-rich fossil fuels can 
increase the leachability of aluminium from aluminosilicate minerals in soils, resulting in 
detrimental effects, including in extreme cases the killing of fish in receiving waters. 
Uranium is mobile as uranyl-carbonate complexes in oxygenated waters but can be 
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immobilised by conversion to more particle-reactive uranium (IV) species in anoxic waters 
[33]. 
 
2.3  Clay Minerals 
Clay minerals are major constituents of many soils. They are hydrous aluminium silicates, 
with magnesium or iron substituting wholly or partly for the aluminium in some minerals, 
and with alkali metals, alkaline earth metals or other cations also present as essential 
constituents in some of them (41). Two kinds of cell geometry (unit) are involved in the 
atomic structure of most clay minerals, the octahedral and tetrahedral units. 
The octahedral unit consists of two sheets of closely packed oxygens or hydroxyls in which 
aluminium, iron, or magnesium atoms are embedded in octahedral coordination, so that they 
are equidistant from six oxygens or hydroxyls (41). Clay minerals are classified as 
dioctahedral or trioctahedral, depending on the number of cation positions in the octahedral 
sheet that are occupied (34). When aluminium is present, only two-thirds of the possible 
hydroxyl positions are filled to balance the charge of the structure, which is the gibbsite 
structure Al(OH)3, clay minerals with this structure are thus classified as dioctahedrals. 
When magnesium is present, all the octahedral positions are filled therefore leading to charge 
balanced structure, which is the brucite structure Mg(OH)2 (41), clays with this structure 
are termed as trioctahedrals. 
The tetrahedral unit is built of silica tetrahedra. In each tetrahedron, a silicon atom is 
equidistant from four oxygens, or hydroxyls if needed to balance the structure, arranged in 
the form of a tetrahedron with the silicon atom at the centre. The silica tetrahedral groups are 
arranged to form a hexagonal network, which is repeated indefinitely to form a sheet of the 
composition Si4O6(OH)6 (41)  
Clay minerals are commonly referred to as 1:1 or 2:1 clay minerals, depending on how the 
tetrahedral and octahedral sheets are packed into layers.  
• 1:1 clay mineral: One tetrahedral sheet is bonded to one octahedral sheet in each 
layer. Examples include the kaolinites (including kaolinite, nacrite, dickite and 
halloysite) and the serpentines (antigorite and chrysotile). 
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• 2:1 clay mineral: Two tetrahedral sheets are coordinated to one octahedral sheet, the 
unshared vertex of each tetrahedral sheet point towards each other to form each side 
of the octahedral sheet. Between the sheets, (i.e. the interlayer space), cations may be 
octahedrally coordinated with hydroxyls, such as in chlorites, and they may be present 
as individual cations, which may or may not be hydrated, as in micas, vermiculites, 
and smectites. 
 
2.3.1  Kaolinite 
Kaolinite belongs to the general clay mineral group, Kaolin-Serpentine, which also includes 
dickite, nacrite and halloysite. These are polymorphs (have the same chemistry but different 
structure),  and are aluminium silicate hydroxides (Al2Si2O5(OH)4). 
Kaolinite is a 1:1 clay mineral with a general structure composed of silicate sheets (Si2O5) 
bonded to aluminium oxide/hydroxide (gibbsite) layers (Al2(OH)4), thus it is a dioctahedral 
clay mineral. The tetrahedral and octahedral sheets are combined such that the tips of the 
silica tetrahedra and one of the layers of the octahedral sheet form a common layer (41). 
Figure 11 presents the structure of kaolinite. 
The two surfaces of 1:1 clay minerals are formed by different ions, one consists of tetrahedral 
oxygen and the other of hydroxyl ions belonging to the octahedral sheet. The silicate and 
gibbsite layers are tightly bonded together in stacks (layer formation with one tetrahedral 
sheet linked through oxygen atoms to one octahedral sheet of alumina octahedral) by 
hydrogen bonding between the tetrahedral oxygens and octahedral hydroxyl ion. This 
arrangement gives them a fixed lattice structure, ensuring that kaolinite is unable to absorb 
water into the inter-layer position (inter-layer inactivity), so it does not swell or expand. It 
also ensures that kaolinite undergo little or no isomorphic substitution or low cation 
adsorption (42). Soils rich in kaolinite therefore fail to swell or shrink much on wetting or 
drying and show poor adsorption of cations. 
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2.3.2  Montmorillonite 
Montmorillonite is the most common member of a large group of 2:1 clay minerals called the 
smectite-saponite group. Montmorillonite is a dioctahedral clay mineral, it is a hydrated 
sodium calcium aluminium magnesium silicate hydroxide (Na, Ca)(Al, Mg)6 (Si4O10)3(OH)6 – 
nH2O, where ‘n’ represents the variable amount of water that it could contain (42). 
The tetrahedral cations in montmorillonite are Si4+, Al3+ is the normal ion in the central 
octahedral sheet but about one-eight of the octahedral contain Mg2+ or Fe2+ as a substitute for 
Al3+. The negative charge caused by substitution is neutralised by various hydrated cations 
adsorbed to the surface of the sheets (42). In montmorillonite clays, the tetrahedral and 
octahedral sheets are combined such that the tips of the tetrahedral of each silica sheet and 
one of the hydroxyl layers of the octahedral sheet form a common layer bonded by oxygen 
atoms. 
In the stacking of the silica-alumina-silica units, oxygen layers of each unit are adjacent to 
oxygens of the neighbouring units with a consequence that there is a very weak bond and an 
excellent cleavage between them (34). This structure as can be seen from Figure 12 ensures 
that water and other polar molecules such as certain organic molecules, can enter between the 
unit layers causing it to expand. Exchangeable cations also exist in the interlayer, thus 
allowing other cations to be adsorbed into the interlayer offsetting the isomorphous 
substitution (34).  
Figure 11: Structure of Kaolinite 
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Montmorillonite is therefore freely expanding, swelling to several times its original volume 
in water; montmorillonite slows the progress of water through soil or rocks due to this factor 
and shows high capacity for cation adsorption. In dry conditions however, the binding force 
is relatively strong and cation adsorption is markedly reduced. Another characteristic feature 
of montmorillonite is the extensive surface area for the adsorption of water and ions, 
therefore having a very high cation exchange capacity (42). 
 
   
 
 
 
 
 
 
 
 
 
                        
2.3.3  Bentonite 
Bentonite is generally an impure clay, consisting mostly of montmorillonite and varying 
amounts of quartz and feldspar. Bentonite usually forms from weathering of volcanic ash, 
most often in the presence of water. In bentonite clays, there is a mixing of montmorillonite 
with two or more different cations (sodium, potassium or calcium) and consequent states of 
hydration, there is also a mixing of montmorillonite with different substitutions within the 
silicate structure (42). 
 
 
Figure 12: Structure of Montmorillonite 
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2.3.4  Illite 
Illite is essentially a hydrous mica, having very similar general structural characteristics to the 
micas. Its general formula is (K, H)Al2(Si, Al)4O10(OH)2-nH20. The basic structure is a unit 
layer composed of two silica tetrahedral sheets with a central ‘gibbsite-like’ octahedral sheet 
(2:1). This is very similar to the structure of montmorillonite as can be seen from Figure 13, 
except that aluminiums always replace some of the silicons, and the resultant charge 
deficiency is balanced by potassium ions (42). Charges not neutralized by potassium ions are 
countered by hydrated cations. The potassium ions limit the expansion of illite on wetting, 
and are less common in illites than in micas. Also a small amount of water may be present 
between the silicate layers. 
Unlike montmorillonite, the unit layers of the illite structure are relatively fixed in position, 
so that polar ions cannot enter between them, also the interlayer cations are not exchangeable 
except as they occur at the edges of the layers (42). Illites therefore have less expansion 
capacity than montmorillonite, also having a medium cation adsorption and limited internal 
surface (42). 
 
 
Figure 13: Structure of Illite 
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2.4 Surface Charge and Cation Exchange Capacity (CEC) of Clay Minerals 
The surface properties of clay minerals play a dominant role in their chemistry. These 
properties depend on many factors including chemical composition, nature of the surface 
atom functional group, extent and type of defect sites, layer charge and the type of 
exchangeable cations present.  They exhibit two types of charges: 
• Permanent or Constant charge: this kind of charge does not vary with changes in 
pH and results from isomorphous substitution (34), for example the substitution of 
aluminium for silicon in the tetrahedral sheet and magnesium for aluminium in the 
octahedral sheet (32). Examples of minerals that exhibit constant charge are 
montmorillonite and chlorite. Many of the physical and chemical properties of 2:1 
phyllosilicates are influenced by the extent and location of isomorphous substitution 
in the clay mineral structure 
• Variable or pH-dependent charge: this changes with pH due to protonation and 
deprotonation of functional groups on clay minerals, this is exhibited mainly by 1:1 
clay minerals such as kaolinite. 
 
In the absence of isomorphous substitution and defect sites, the clay-mineral surface is 
composed of oxygen atoms involved in Si-O bonds. The latter have considerable covalent 
character and the surface is hydrophobic, this hydrophobicity is induced by isomorphous 
substitution, which then allows for the presence of exchangeable cations. These exchangeable 
cations are hydrophilic and polarise the surface oxygen atoms with which they are in contact 
(32). 
The negative charges on constant charge minerals that result from isomorphous substitution 
and on variable charge minerals that result from deprotonation of functional groups are 
balanced by positive charge in the form of exchangeable cations (34). Secondary clay 
minerals account for a major portion of a soil’s cation exchange capacity (CEC), as does 
natural organic matter.  
Cation exchange capacity (CEC) is the capacity of a soil for ion exchange of cations between 
the soil and the soil solution. CEC is used as a measure of fertility, nutrient retention 
capacity, and the capacity to protect groundwater from cation contamination. The quantity of 
cations that a clay mineral or similar material can accommodate on its negatively charged 
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surface is expressed as milli-ion equivalent per 100 g, or more commonly as milliequivalent 
(meq) per 100 g or cmol/kg. 
CEC values for clay minerals range, and are dependent on the amount of impurities in the 
clay and the pH at which the CEC was measured. The CEC for kaolinite is very low (2-15 
meq 100-1) due to its small degree of isomorphous substitution, while the CEC for 
montmorrilonite is high (80-150 meq 100-1) due to its large isomorphous substitution as well 
as the presence of fully expanded interlayers that promote exchange of ions (34). Illite has a 
low (20-30 meq 100-1) CEC due to the inaccessibility of the exchangeable potassium ion in 
its’ interlayer  (34).  
 
2.5  Oxides in Soils 
The oxides, including the hydroxides, hydrous oxides, and oxyhydroxides of aluminium, iron, 
and manganese play extremely important roles in the chemistry of soils, even though they are 
only present in small quantities. They significantly affect the sorption and redox behaviour of 
soils because of their specific surface areas and reactivity (34). They may exist as discrete 
crystals, as coatings on phyllosilicates and humic substances, and as mixed gels. 
Gibbsite [Al(OH)3], and boehmite (ɣ-AlOOH) are the most common aluminium oxide 
minerals, goethite (α-FeOOH) and hematite (α-Fe2O3) are the most common and stable of the 
iron oxides, while birnesite (δ-MnO2) is the most common manganese oxide in soils, 
although pyrolusite (β-MnOOH) is the most stable of the manganese oxides (34).  
Goethite is more common and thermodynamically stable in soils than hematite, goethite has 
double bands of FeO(OH) octahedral sharing edges and corners bonded partially by hydrogen 
bonds, and exhibits needle-shaped crystals with grooves and edges (34). 
Hematite is common in highly weathered soils and gives tropical soils their red colour, its 
structure is made up of FeO6 octahedra connected by edege- and face-sharing (34). 
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2.6  Natural Organic Matter in Soils 
Natural organic matter (NOM) plays an important role in the chemistry of soils, thus having a 
strong influence on mobility and availability of soil contaminants like heavy metals and 
radionuclides.  
NOM present in soils is a mixture of plant and animal residues in different stages of 
decomposition, substances synthesized microbiologically and/or chemically from the 
breakdown products, and the bodies of live and dead microorganisms, and their decomposing 
remains (44). This makes them inherently complex in nature, the relative size, shape, and 
composition of a molecule of NOM is very random. NOM can vary greatly, depending on the 
origin, transformation mode, age, and existing environment, thus the biological, physical and 
chemical functions and properties vary with different environments. 
Different soils depending on the region contain varying amounts of NOM. Even at low 
concentrations, NOM greatly influences soil chemical and physical properties because it is 
very reactive. NOM improves soil structure, buffering capacity, cation exchange capacity 
(CEC), water retention capacity, aeration and aggregation; it also acts as an important source 
of plant nutrients (44). NOM has a high specific surface (as great as 800-900 m2 g-1) and CEC 
that ranges from 150-300 meq 100g-1, thus contributing a major portion of a surface soil’s 
CEC (44).  
The high surface area and CEC of NOM makes it an important sorbent of plant nutrients, 
heavy metal cations, organic compounds and radionuclides, thus, the same properties of 
NOM that make them essential to plant and, therefore animal life, makes it a potential 
pathways for exposure to heavy metal and radionuclide toxicity. There exists a complex 
relationship between soil organic matter, clay minerals and the metal oxides and hydroxides 
that coat them, these complexities make understanding the behaviour of heavy metals and 
radionuclides in soils difficult to predict. 
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2.6.1  Composition of NOM 
Natural organic matter consists of non-humic and humic substances. The non-humic 
substances have recognizable physical and chemical properties and consist of carbohydrates, 
proteins, peptides, amino acids, fats, waxes and low molecular weight acids. These 
compounds are all easily broken down by soil microorganisms, and therefore only persist in 
soils for a short time. 
Humic substances can be defined as a general category of naturally occurring, biogenic, 
heterogeneous organic substances that can generally be characterized as being yellow to 
black in colour, of high molecular weight and refractory (difficult biodegrability) (45). They 
are amorphous, partly aromatic, polyelectrolyte materials that no longer have specific 
chemical and physical characteristics associated with well-defined organic compounds (46). 
Humic substances are classified into three groups based on their solubilities in aqueous media 
as (47): 
• Humic Acid: Fraction which is insoluble under strongly acidic conditions (<  pH 2). 
• Fulvic Acid: Fraction which is soluble under acid and alkaline condition (>  pH 2). 
• Humin: Fraction which is insoluble under both acid and alkaline conditions. 
 
There are no sharp differences between all three as they are all part of an extremely 
heterogeneous supramolecular system and their differences are due to variations in chemical 
composition, acidity, degree of hydrophobicity, and self-association of molecules (45). 
The biochemistry of the formation of humic substances is still poorly understood even though 
several mechanisms for explaining the formation of humic substances from the degradation 
of plant and animal tissue have been proposed (45) (46) (47) (48).  
The amounts of nonhumic and humic substances in soils differ, and there are numerous paths 
that they may take in the environment. Water is by far the most important medium that 
affects the transport of humic substances. Humic substances are hydrophilic and consist of 
globular particles, which in aqueous solution contain hydration water (34). Humic substances 
in soils contain mostly carbon and oxygen, as well as small amounts of hydrogen, nitrogen 
and sulphur. 
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Table 1: Elemantal Composition of Soil Humic Substances (49) 
 
 
 
 
 
Tables 1 and 2 show the elemental composition of humic substances and nature of functional 
groups present in natural organic matter. Humic substances contain a large number of acidic, 
neutral and basic functional groups. The main acidic functional groups are carboxyl and 
acidic phenolic hydroxyl groups, with carboxyls being the most important group. Alcoholic, 
quinonic, and ketonic groups are also present in humic substances. 
 
Table 2: Functional Groups in NOM (48) (34) 
 Functional groups 
Acidic Carboxyl, Enol, Phenolic OH, Quinone 
Neutral Alcoholic OH, Ether, Ketone, Aldehyde, Ester 
Basic Amines, Amides 
   
 
2.6.2  Structure of Humic Substances 
Many structures have been proposed to be the backbone structure of humic substances, each 
of these structures has been characterised by similar functional groups and the presence of 
aliphatic and aromatic components (34). The truth remains that the heterogeneity and 
complexity of humic substances makes structural elucidation difficult to achieve, as no two 
molecules molecules of humic substances are exactly alike.  
The macromolecular structure (size and shape) of humic substances is of great importance as 
it can affect the chemistry of organic matter and mineral complexes, stability of organo-
mineral aggregates, as well as the fate and transport of pollutants in soils. Factors like pH, 
Element Humic acids (%) Fulvic acids (%) 
Carbon 53.8-58.7 40.7-50.6 
Hydrogen 3.2-6.2 3.8-7.0 
Oxygen 32.8-38.3 39.7-49.8 
Nitrogen 0.8-4.3 0.9-3.3 
Sulphur 0.1-1.5 0.1-3.6 
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electrolyte concentration, ionic strength, and humic and fulvic acids concentrations have 
significant effects on the macromolecular structure of humic substances (47) (50). 
A widely accepted model structure for humic acid was proposed by Schulten and Schnitzer 
(1993) and is represented in Figure 14. 
 
Figure 14: A Proposed Structure for Humic Acid (51) (34). 
 
Humic substances have higher surface areas and cation exchange capacity than clay minerals, 
this makes the role that they play in the retention of ions by soils significant, even in soils 
with low humic content (34).  It has been estimated that up to 80% of the CEC of soils is due 
to organic matter (48).  
Humic substances have variable charges, they have low point of zero charge (about 3), 
making them negatively charged at pH values greater than 3. As pH increases, the degree of 
negative charge increases due to the deprotonation of functional groups (34). The major 
acidic functional groups are carboxylates, quinines, phenolic OH groups, and enols. 
Carboxylate and phenolic groups deprotonate at common soil pH’s, as such, they are major 
contributors to the negative charge of soils. It has been estimated that carboxylate groups 
contribute about 55% of the CEC of humic substances, while about 30% of the CEC of humic 
substances up to pH 7 is due to the quinonic, phenolic and enolic groups (34). Humic 
substances also contribute significantly to the buffering capacity of soils.  
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2.6.3  Humic Substance-Metal Interactions 
The retention and mobility of metal contaminants in soils are significantly affected by the 
complextaion of metal ions by humic substances. There are different types of reactions 
involving humic substances and metals. Examples include the reaction between dissolved 
organic matter and metal ions, or the complexation reactions between suspended organic 
matter and metal ions (34).  
The different functional groups present in humic substances have different affinities for metal 
ions. When two or more organic functional groups coordinate a metal ion such that an 
internal ring structure is formed, a form of complexation referred to as chelation occurs. For 
example, the total binding capacity of humic acid for metal ions is about 200-600 µmol g-1, of 
which about 33% is due to retention on cation complexing sites (34).  
The complexation of humic substances with metals can either favour or deter the mobility 
metals in soils. By forming complexes that are stable and soluble, humic substances can serve 
as carriers of toxic metal, while on the other hand, metal-humic substance complexes might 
be unstable and precipitate out of solution. These complexes may also affect the speciation of 
metals as well as their oxidation-reduction reactions.  
 
2.6.4  Humic Substance-Clay Complexes 
Humic substances form complexes with clay minerals, these complexes can also occur with 
clay minerals coated with metal oxides such as aluminium and iron oxides. Clays have a 
stabilizing effect on humic substances, as some organic substances help bind soil particles 
together, resulting in more stable aggregates. In soils with high humic substance content, all 
of the clay may be coated with humic substances. It has been estimated that between 52-98% 
of all carbon in soils occur as clay-organic matter complexes (48), the organic surfaces in 
such complexes are still reactive and can retain ions. 
Humic substance-clay complexes can be formed through physical adsorption or interactions 
via Van der Waals forces, electrostatic interactions (cation and anion exchange processes), 
cation and anion bridges where the polyvalent metal forms a bridge between the organic 
molecule, and the inorganic surface to which it is bound (clay mineral-metal-humic 
substance), these are often referred to as coordination complexes (34). Chemical adsorption 
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and hydrogen bonding are other types of humic substance-clay complexes.  Many of these 
mechanisms occur simultaneously, depending on the type of humic substance, the nature of 
the exchangeable ion on the clay surface, the surface acidity and the moisture content of the 
system (52). 
 
2.7  Sorption Studies 
The transfer of substances from a mobile phase to a solid phase is a universal phenomenon 
that governs the mobility of substances in aqueous porous media like soils. Isotherms are 
curves describing the retention of a substance on a solid at various concentrations; they are 
major tools for describing and predicting the mobility of substances in the environment. 
The distribution coefficient (Kd) or distribution ratio (Rd) on a soil is defined as the amount of 
radionuclide or trace metal sorbed per unit mass of the soil solid phase (Cs) divided by the 
analytical concentration of the radionuclide or metal in aqueous solution (C) (53). While the 
distribution coefficient is a thermodynamic coefficient that is dependent on different 
thermodynamic properties of a system, the distribution ratio as the name implies is merely an 
expression relating the quantities of solute adsorbed to that left in solution after equilibrium is 
reached and is only relevant to the conditions it was measured in.  
𝐾𝑑 or 𝑅𝑑 = 𝐶s𝐶 = 𝑛s𝑛  ×  𝑉𝑚 (53) 
                                  
Where ns and n are respectively the moles of radionuclides or trace elements on the solid 
phase and in aqueous solution, V is the volume of the solution, m is the mass of soil solid 
phase.  
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2.8  Surface Functional groups 
Surfaces are made up of active functional groups whose acid-base and binding properties are 
similar to and can therefore be correlated with those of their counterparts in soluble 
compounds (54). However, their sorption behaviours are different and more difficult to study, 
due in part to the geometric restrictions imposed by the solid nature of the surfaces. This 
concept of active surface sites is essential to understand the mechanism(s) of sorption. 
A surface functional group is a chemically active molecular unit bound into the structure of a 
solid at its periphery such that its reactive components can be bathed by a fluid (40). Surface 
functional groups in soils play a significant role in sorption processes; they can be organic 
(e.g. carboxylate, carbonyl, phenolic) or inorganic molecular units. The major inorganic 
surface functional groups in soils are the siloxane surface groups associated with the plane of 
oxygen atoms bound to the silica tetrahedral layer of a phyllosilicate and hydroxyl groups 
associate with the edges of inorganic minerals such as kaolinite, amorphous materials, and 
metal oxides, oxyhydroxides and hydroxides (34).  
The following surface groups depicted in Figure 15 can be expected at the interface. 
 
Figure 15: Surface Functional Groups (55) (56) (57) 
 
These surface functional groups can be protonated or deprotonated by adsorption of H+ and 
OH- respectively, can undergo metal binding, ligand exchange or from ternary surface 
complexes. The simplest of these are presented below (54) (56) (57): 
Acid-Base Equilibria 
S – OH + H+                    S – OH2+      (protonation) 
S – OH                  S – O- + H+      (deprotonation) 
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Metal binding 
S – OH + Mz+                    S – OM(z-1)+  +H+ 
2S – OH + Mz +                    (S – O)2M(z-2)+ + 2 H+ 
S – OH + Mz+ + H2O   S – OMOH(z-2)+  +  2 H+    
Ligand Exchange 
S – OH + L                 S – L + OH- 
2S – OH + L   S2 – L + 2OH- 
 
Ternary Surface Complex Formation 
S – OH + L- + Mz+                     S – L – Mz+   + OH- 
S – OH + L- + Mz+                       S – OM – L(z-2)+  + H+ 
 
2.9  Modelling Sorption Isotherms 
Sorption isotherms rarely exhibit simple linear relationships between experimental 
parameters, which make it difficult to identify the nature of solute interactions with soil 
systems, and thus predict the fate of reactive metals in these soil systems. Different models 
have been developed and employed in the description of sorption on soil surfaces. These 
models are broadly classified as empirical and surface complexation models. 
 
2.9.1  Empirical Models 
Empirical models describe data without theoretical basis. These kinds of models describe 
empirical relationships such as distribution coefficients or isotherm equations. They are 
conceptually simplistic in their approach to describing sorption processes, ignoring the 
potential impact of variable chemical conditions on sorption (58). Empirical models fit curves 
and empirical equations to the experimental data, to generate equations relating solute 
concentrations in coexisting solid and liquid phases. They have been employed extensively to 
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describe both equilibrium and kinetic systems, but it is important to note that these models 
are applicable only for the specific conditions under which they were developed to avoid 
errors (59). Of the several empirical models available, the Linear (Kd approach), Freundlich 
and Langmuir isotherms are by far the most used in sorption studies. 
 
2.9.1.1  Linear Adsorption (Kd Approach) Isotherm 
This is the simplest kind of isotherm; it is a linear distribution coefficient, 𝐾𝑑 (mL g
-1 or m3 
kg-1)           
𝑆 = 𝐾𝑑𝐶 (59) 
Where 𝑆 is the concentration of solute adsorbed onto the solid phase in (g g-1), and 𝐶 is the 
concentration of the solute in solution (g mL-1). This isotherm assumes that 𝐾𝑑 is a constant 
property of a soil system. The lower the 𝐾𝑑 value, the lower the sorption or retention, and the 
faster a reactive species migrates through the subsurface. For a non-adsorbing species, 𝐾𝑑=0 
and the species migrates at the flow velocity (59).  
The distribution coefficient is a lumped parameter because in reality it is a product of 
interacting factors, and cannot be used to represent the contributions of different uptake 
processes to contaminant retardation (59). It is also unable to recognize a maximum 
adsorption limit; in actuality when there are a finite number of adsorption sites, adsorption 
reaches an upper limit. Figure 16A depicts a simple schematic for the linear adsorption 
isotherm. 
The 𝐾𝑑 approach works well when applied to trace concentrations of unionized, hydrophobic 
organic molecules, but however proves problematic when applied to aqueous systems 
because of its sensitivity to conditions like pH, alkalinity, solid to solution ratio, or 
concentrations of complexing ligands that may be encountered along a groundwater flow path 
(60). 
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2.9.1.2  Freundlich Isotherm 
This isotherm is nonlinear and defined by the relationship: 
𝑆 = 𝐾𝐹𝐹𝐶𝑛 (59)         
Where 𝑆 and 𝐶  are as defined for linear adsorption isotherm and 𝐾𝐹𝐹  and 𝑛  are empirical 
coefficients. For the special case when 𝑛=1, the Freundlich isotherm is identical to the 
distribution coefficient, 𝐾𝑑. This equation is easily linearized as: 
𝑙𝑙𝑙 𝑆 = 𝑙𝑙𝑙 𝐾𝐹𝐹 + 𝑛𝑙𝑙𝑙 𝐶 (59) 
Figure 16B depicts the schematic for unlinearised Freundlich isotherm. A graph of with 
𝑙𝑙𝑙 𝐶 as x-axis versus 𝑙𝑙𝑙 𝑆 as y-axis provides a line of slope 𝑛 and intercepts the y-axis at 
𝑙𝑙𝑙 𝐾𝐹𝐹. According to the Freundlich equation, the isotherm does not reach a plateau as 𝐶 
increases which is a major disadvantage. Although the Freundlich equation has been 
rigorously derived, its goodness-of-fit to solute retention data does not provide definitive 
information about the actual processes involved, since the equation is capable of describing 
data irrespective of the actual mechanism (61). 
 
2.9.1.2  Langmuir Isotherm 
This is the oldest and one of the most commonly used sorption models; it introduced the 
concept of an upper limit to surface adsorption. The solid is assumed to have a limited 
adsorption capacity, all the adsorption sites are assumed to be identical, each site retains one 
mole of the given compound, and all sites are energetically and sterically independent of the 
adsorbed quantity (59). Then the following reaction is considered (59): 
Free site + Solute    Surface Complex 
Since the activities of adsorbed species are not clearly defined thermodynamically, the mass 
action law cannot be directly applied to this equation (59). The general form of the Langmuir 
equation is:   
𝑆 = 𝐾𝐿𝐿𝑏𝐶
1+ 𝐾𝐿𝐿𝐶 (59) 
Where 𝑆 and 𝐶 remain as defined, 𝑏 is the maximum adsorption capacity of the substrate (g 
solute per g adsorbent) and 𝐾𝐿𝐿 is a constant representing the strength with which the solute 
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is bound to the substrate (L meq-1). Values of 𝐾𝐿𝐿 and 𝑏 can be determined by plotting a 
variety of possible linearizations or by nonlinear regression analysis (62). 
The Langmuir equation is linearized to give: 
            𝑆
𝐶
= 𝑏𝐾𝐿𝐿 − 𝑏𝑆  (59) 
Figure 16C depicts a schematic for the unlinearised Langmuir isotherm. A graph with 𝑆 as x-
axis and 𝑆 𝐶⁄  as y-axis provides a line of slope –𝑏  and intercepts the y-axis at   𝑏𝐾𝐿𝐿 . 
According to the initial assumptions, the isotherm reaches a plateau 𝑏  contrary to the 
Freundlich isotherm (63), thereby accounting for the decrease in 𝐾𝑑values that occurs as an 
adsorbing surface becomes partially saturated with adsorbed species. The constant 𝑏𝐾𝐿𝐿 is 
the initial slope of the isotherm and is often used as a distribution coefficient (𝐾𝑑) when the 
concentrations are low enough to justify this approximation (63). 
 
 
Figure 16: Schematic Depicting the Forms of Adsorption Isotherm Equations (59) 
 
2.9.2  Surface Complexation Models 
Surface complexation models (SCMs) are chemical models that provide a molecular 
description of the electric double layer onto which adsorption occurs using equilibrium-
derived data (59). The purpose of molecular theory is to derive thermodynamic properties 
such as activity coefficients and equilibrium constants from the principles of statistical 
mechanics. SCMs are designed to calculate values for the thermodynamic properties 
mathematically and constitute a family of models having similar characteristics (64). They 
 59 
are similar in concept to solution complexation, defining surface species, chemical reactions, 
equilibrium constants, mass and charge balances, and their molecular features can be given 
thermodynamic significance. They offer the advantage of considering the charge on the 
adsorbate ion and the solid adsorbent surface, as well as directly accounting for the effects of 
changes in aqueous speciation on the extent of adsorption reaction. 
Surface charge results from protonation and dissociation reactions as well as from surface 
complexation reactions of reactive surface hydroxyl groups at mineral surfaces; the sign and 
magnitude of the mineral surface charge are dependent on the pH and ionic strength of the 
electrolyte solution (64).  
SCMs are generally more robust in application over variable geochemical conditions than 
empirical models because they adopt a more mechanistic approach to adsorption (60). This 
makes them more complex as more parameters are required to accommodate their 
complexity. SCMs use mass balance laws which are similar to aqueous phase reactions to 
describe adsorption, thereby accounting for changes in chemical speciation, competitive 
adsorption, and other multisolute interactive chemical effects (59).  
All SCMs assume the following (65): 
1. Sorption takes place at specific surface coordination sites. 
2. Sorption reactions can be described by mass law equations. 
3. Surface charge results from the sorption (surface complex formation) reaction itself. 
4. The effect of surface charge on sorption (extent of complex formation) can be taken 
into account by applying a correction factor derived form the electric double-layer 
theory to the mass law constants for surface reactions. 
They include the: 
• Constant capacitance model. 
• Diffuse layer model. 
• Triple layer model. 
 
These three differ in the description of the electric double layer (definition and assignment of 
ions on the planes or layers of adsorption), the differences in electrostatic equations, and the 
relations between the surface potential and the surface charge (34). They all provide some 
information on the physical description of the electric double layer, including the capacitance 
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and location of the adsorbed ions, they can also describe data over a broad range of 
experimental conditions like varying pH and ionic strength (34). These models produce two 
kinds of information (59): 
1. Material balance data (quantity of a material adsorbed) and 
2. Information that can be used to describe electrokinetic phenomena. 
 
2.9.2.1  Constant Capacitance Model (CCM) 
Schindler, Stumm, and co-workers formulated the CCM of the oxide mineral-aqueous 
solution interface. It assumes the following (62): 
I. All surface complexes are inner-sphere and anions are adsorbed by a ligand exchange 
mechanism. 
II. A constant ionic strength reference state determines the activity coefficient of the 
aqueous species in the conditional equilibrium constants; therefore no complexes are 
formed with ions in the background electrolyte. 
III. There is a linear relationship between surface charge and surface potential. 
 
These assumptions greatly simplify the balance of surface charge expression: 
𝜎 = 𝜎𝐻 + 𝜎𝑖𝑖 (59) 
Where, 𝜎 is the surface charge on the particle, 𝜎𝐻  is the net proton charge, and 𝜎𝑖𝑖  is the 
charge resulting from formation of inner-sphere surface complexes. There is no strict balance 
of surface charge on in the CCM (59). In the CCM, the charges on the surface complexes are 
designated using formal charges; all surface complexes are inner-sphere and are located in a 
single surface o-plane. Figure 17A depicts a schematic for solid-solution interface in the 
CCM. 
 
2.9.2.2  Diffuse Layer Model (DLM) 
In the diffuse layer model, the charges are designated using formal charges, and all surface 
complexes are located in a single surface o-plane. The DLM also includes a ‘diffuse’ layer 
where counter ions are attracted to the charged mineral surface but remain in the bulk fluid 
phase. The DLM considers all adsorbing ions to form inner-sphere complexes (64). In the 
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DLM, the solid-solution interface is considered to comprise of two layers of charge: a surface 
charge layer and diffuse layer of counterions in solution. All specifically sorbed ions are 
assigned to one surface layer, and all non-specifically sorbed counterions are assigned to the 
diffuse layer. The expression for balance of surface charge in the DLM is the same as that for 
the CCM. Figure 17B depicts the schematic for solid-solution interface in the DLM. 
 
2.9.2.3  Triple-Layer Model (TLM) 
The TLM was developed as an extension of the site-binding model by Davis, Leckie and co-
workers (1978). It consists of two capacitance layers and a diffuse layer (34). The infinite 
dilution reference state determines the activity coefficients of the aqueous species in the 
conditional equilibrium constants, thus the surface charge is composed of the net proton 
charge plus the charge resulting from the formation of outer-sphere complexes, 𝜎𝑜𝑖. 
𝜎 = 𝜎𝐻 + 𝜎𝑜𝑖  (64) 
In the TLM, it is traditional to assign ions forming inner-sphere surface complexes to the 
surface o-plane and ions forming outer-sphere surface complexes to the 𝛽-plane, located 
between the surface plane and the diffuse layer [49]. The diffuse layer begins at the d plane 
and extends into the bulk of the solution. Figure 17C depicts the schematic for solid-solution 
interface in the TLM. 
The TLM has two characteristics not included in the other SCMs: 
1. The chemical constants are applicable over a wide range of ionic strengths 
2. The surface potential on the d plane can be used as an estimate of the electrokinetic 
(zeta) potential. 
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2.10  The Additivity Rule 
One of the most important questions related to sorption studies on soils is whether the overall 
distribution coefficient (Kd) or distribution ratio (Rd) of radionuclides or trace elements on a 
soil can be estimated or predicted from those on the individual components of the soil. If this 
is possible, the task of estimating the value of Kd or Rd of radionuclides or trace elements on a 
soil could be considerably simplified, and the rate of migration in the soil could therefore be 
estimated from the Kd value (53).  
Palmer et al (1981) derived that the overall Rd of a mixture is equal to a weighted sum of the 
distribution coefficients of each components, 𝑅𝑑𝑖  
𝑅𝑑 (mixture) = ∑𝑛𝑖∑𝑚𝑖 𝐶 = ∑𝑛𝑖𝑚 𝐶 = ∑𝑚𝑖𝑅𝑑𝑖 𝐶𝑚𝐶 = ∑ ƒ𝑖 𝑅𝑑𝑖    (53) 
 
Where ∑𝑚𝑖 = m, ni is the moles of radionuclides or trace elements on solid components i, mi 
is the mass of component i and ƒi = mi /m. This equation is known as the ‘additivity rule’. 
A theoretical review on the applicability of the additivity rule to the sorption of metals or 
radionuclides to soil can only be achieved under the following simplifying assumptions (53) 
(66):  
 
Figure 17: Schematics depicting Solid-Solution interface for SCMs 
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I. Reversible and independent sorption reactions; 
II. Equilibrium of sorption reaction; 
III. Homogenous surfaces; 
IV. Insolubility of ion exchangers or sorbents 
V. There are no new phases formed 
VI. No interactions exist between the individual minerals of the soil mixture. 
 
In reality, soils are not simply mechanical mixtures of soil components; the interactions 
amongst soil components in a soil mass directly influence the physical and chemical 
properties of the soil. Properties such as ion exchange and sorption characteristics, essentially 
including CEC, specific surface area, surface charge and distribution coefficients of cations, 
anions and nonelectrolytes are influenced by interactions between soil components, thus 
mitigating against simple additivity. For example, the coating of soil organics on soil 
particles and the bonding between particles by soil organics directly affect the ion exchange 
and sorption characteristic of soils. Carbonates, in soils can also function either as individual 
particles or act as bridges or coatings with other particles, thereby having great effect on the 
specific surface area of soils. Oxides and hydroxides of iron, aluminium and silicon also form 
coatings on soil particles and bonding between particles, changing the surface properties of 
these particles. 
 
2.11 Aims and objectives 
There are three broad objectives in this study.  
• The first is to investigate binary and ternary sorption systems, with the aim to 
understand the effects that factors such as pH, ionic strength, organic matter and metal 
concentrations, have on sorption of simple clay minerals (bentonite and kaolinite) 
with metals (cadmium, caesium, nickel and strontium).   
• The second is to investigate the retention of metals by well-characterised organic-rich 
and organic-poor clay soils, breaking them down to their individual components to 
help understand the effects of each component separately and determine if the 
‘additivity’ principle holds for these metal-clay soil systems.  
• The study will also determine the relationship between the natural organic matter 
(NOM) content and cation exchange capacity (CEC) of the soils and how these affect 
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the mobility of the metals, while also considering the relative importance of the 
speciation of the metals. 
•  
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3.0  Characterisation of Materials 
The heterogeneous nature of soils makes them inherently complex. They are mixtures of air, 
water, inorganic and organic solids, and plant and animal microorganisms (34). In order to 
predict the fate of heavy metals and radionuclides in soils, understanding the chemistry and 
mineralogy of soil components is essential as these govern the various chemical reactions that 
occur in soil environments. It is therefore appropriate to describe the physical and chemical 
properties, as well as chemical constituents of soils before studying or investigating them. 
Soil characterization thus involves the detailed identification and quantification of all the 
constituents of soils, and also includes the determination of physico-chemical properties of 
soil that influence soil behaviour. The chemical behaviour of a soil is thus the totality of 
physical and chemical reactions occurring between soil constituents and any external 
materials added to the soil (67).  
Generally, the inorganic component of soils represent more than 90% of the solid component 
(34), these comprise mostly secondary clay mineral which can be crystalline or amorphous in 
nature, but mostly crystalline. Crystalline solids are those with well defined or orderly 
internal atomic structure, which gives them regularity in their external forms, while, 
amorphous solids have poor definition in their atomic structures giving rise to the lack of 
regularity in their external forms. Oxides, hydroxides and oxyhydroxides of iron and 
aluminium can also be found in many soils, they are also crystalline in nature. Soils also 
contain varying amounts of organic matter. The physical and chemical properties of soils 
necessary for soil characterization are presented in the table that follows. 
 
Table 3: Physical and Chemical Porperties of Soils 
Physical Chemical 
Colour pH 
Bulk density Organic Matter Content 
Texture Cation Exchange Capacity 
Surface Area Exchangeable Cations 
Particle Size Mineralogical Composition 
Porosity  
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The first stage in material (solid phase) characterization involved the determination of 
organic matter content in three of the soils to be studied. The CEC as well as nature and 
content of the exchangeable cations of these three soils were also determined, as were those 
of the clay minerals except for illite, which was not available at the time of analysis. The 
organic matter present in the soils was then removed and the CEC re-measured to determine 
the contribution of organic matter to the CEC of the soils.  Phase identification of the clay 
minerals and soils using X-ray diffraction analysis was also carried out. 
 
3.1   Removal of Organic Matter from Soils 
To determine the contribution of organic matter to the CEC of the soils, the organic matter 
present in the soils was removed by oxidation with hydrogen peroxide as described by Kunze 
and Dixon (68). 
10 g of each soil were washed in a large beaker with 100 cm3 of 0.5 mol dm-3 sodium acetate 
solution and adjusted to pH 5 with 1 mol dm-3 HCl, the mixtures was decanted and washed 
with deionised water. More water was added to into the beakers and then gently heated until a 
soil-water ratio of about 1:2 was attained, and then cooled. Next, successive aliquots of 
hydrogen peroxide (30%) were added, 10 cm3 at a time, the suspensions were stirred and 
allowed to cool until frothing subsided. More peroxide was added in until the suspensions 
ceased to froth. The suspensions were then transferred onto a hot plate at about 70ºC and 
closely observed until all strong frothing had passed. Peroxide was again added to maintain a 
soil-water ratio of 1:2. The suspensions were transferred into 50 cm3 polypropylene 
centrifuge tubes and centrifuged at 2000 rpm for 20 minutes, the supernatants were decanted 
and discarded and the soil transferred onto watch glasses and dried in desiccators for 3 days, 
after which the soils were crushed and stored in glass vials. These OM stripped soils were 
also characterised and their results presented alongside those for untreated soils. 
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3.2  Organic Matter Determination 
Organic matter determinations are usually based on one of two methods: 
1. By weight loss on removal of the organic matter from the mineral fraction either by 
oxidation with hydrogen peroxide or by ignition. 
 
2. By determination of some constituent that is found in a relatively consistent 
percentage of soil organic matter such as carbon or nitrogen. 
 
Both methods were used and their results compared. The use of weight loss methods is not 
common because they are prone to errors caused by volatilization of substances other than 
organic materials such as moisture, structural OH, and CO2 from carbonates present in the 
soil and incomplete oxidation of carbonaceous materials (69). These methods are also time 
consuming. 
Estimation of organic matter by determination of total nitrogen is not widely used because of 
the relatively wide variation in nitrogen concentration of organic materials from different 
sources (69). 
Carbon determination methods are the most extensively used for organic matter 
determination. There are various methods for determining carbon in soils: 
1. Dry combustion and measurement of CO2 evolved after removal of carbonates. 
2. Chromic acid oxidation and measurement of CO2 evolved after removal of carbonates. 
3. Chromic acid oxidation to measure the easily oxidized material. This method may or 
may not involve the application of external heat. 
The dry combustion methods measure total carbon while the chromic acid (wet digestion) 
methods determine only the easily oxidizable carbon. 
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3.2.1  Determination of OM by Organic Carbon Content 
3.2.1.1  Principle 
The organic matter present in the soil samples was measured using the Walkley and Black 
procedure (70). This method is a rapid wet digestion method employing dichromate oxidation 
of organic matter and does not require the application of an external heat source. This method 
measures the amount of easily oxidised carbon and requires a correction factor of 1.32, this 
assumes that 77% of the organic carbon in soils are easily oxidised. It involves a first step of 
oxidation of organic carbon by an excess amount of dichromate and back titration with Fe2+, 
which is oxidised to Fe3+ to determine the unreacted dichromate. These reactions are carried 
out under acidic conditions. The carbon content can then be calculated from the amount of 
Fe2+ required to react with the excess dichromate. The equations for the reactions are given 
below. 
1. Organic matter oxidation by dichromate ion. 
2Cr2O72- + 3 C + 16 H+  4 Cr3+ + 3 CO2 + 8 H2O 
2. Fe2+ oxidation to Fe3+ by dichromate ion. 
6 Fe2+ + Cr2O72- + 14H+   2 Cr3+ + 6 Fe3+ + 7H2O 
 
3.2.1.2  Method 
The Walkley and Black procedure was modified as described by Nelson and Sommers (70). 
The soils were ground and passed through a 0.5mm sieve. Approximately 0.2 and 1.0 g of 
soil were weighed into 500 cm3 conical flasks depending on the organic matter estimated to 
be present in the soils (0.2 g for the loam and 1.0 g for the other soils). 10 cm3 of a 0.167 mol 
dm-3 solution of potassium dichromate (K2Cr2O7) were added and the flask gently swirled. 20 
cm3 of concentrated sulphuric acid were accurately added, the flasks were again shaken, this 
time more vigorously for 1 minute, and then allowed to cool slowly on insulated pads for 30 
minutes. 200 cm3 deionised water were then added and the mixtures filtered to provide a 
clearer solution for discerning the end-point during titration. Next, 10 cm3 of 85% phosphoric 
acid and 0.2 g of sodium fluoride were added to avoid interfence by complexing Fe3+. This 
was followed by the addition of 6 drops of o-phenanthroline indicator and the solutions 
immediately titrated with 0.5 mol dm-3 ferrous sulphate heptahydrate (FeSO4.7H2O) until a 
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colour change from blue to deep red was observed. The titration was observed under an 
incandescent lamp. The procedure was repeated with a blank sample i.e. without soil. All the 
samples were analysed in triplicates. 
The organic carbon content was then determined using the following formula: 
 
𝑂𝑂𝑙𝑂𝑛𝑂𝑂 𝐶𝑂𝑂𝑏𝑙𝑛 % =  (𝐵 − 𝑆) ∗ 𝑀 𝑙𝑜 𝐹𝐹2+ ∗ 12 ∗ 100  
𝑙 𝑙𝑜 𝑠𝑙𝑂𝑙 ∗ 4000 ∗ 𝑜 
 
Where,  B = Volume of Fe2+ solution used to titrate blank 
  S = Volume of Fe2+ solution used to titrate sample 
  12/4000 = milliequivalent of carbon by weight in grams 
  f  = 1.32 (Correction factor assuming 77% oxidation of carbon)  
 
The organic matter was then calculated using the formula: % 𝑂𝑂𝑙𝑂𝑛𝑂𝑂 𝑀𝑂𝑀𝑀𝐹𝑂 = % 𝑂𝑂𝑙𝑂𝑛𝑂𝑂 𝑂𝑂𝑂𝑏𝑙𝑛 ∗ 1.724 
1.724 is the Van Bemmelen factor (70). It converts organic carbon (OC) to organic matter 
(OM) content based on the assumption that OM contains 58% OC. 
 
3.2.1.3  Results 
Table 4: OM Determination from Carbon Content 
Soil Average OC (%) 
 Average OM  
(%) Error 
London Clay 0.36  0.62 0.03 
Mercia Mudstone 0.33  0.57 0.02 
Ikeja Loam 7.56  13.03 0.55 
Magodo laterite 0.22  0.38 0.05 
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3.2.2  Determination of OM by Loss-On-Ignition (LOI) Method 
3.2.2.1  Principle 
The LOI method is a direct method for estimating the OM content of soils; it is a 
modification of a method described by Ben-Dor and Banin, 1989 (71). It involves the 
destruction of the organic matter by igniting the soil at high temperature, after which the loss 
in weight of the soil is taken as a measure of the organic content (72) this is done in such a 
way as not to destroy or alter the other soil constituents in such a way that their weight is 
changed (weight change by other constituents will introduce a positive bias to the calculated 
weight of organic matter) and that the organic matter should be quantitatively removed (72). 
 
 3.2.2.2 Method 
Crucibles were washed with deionised water and dried in a furnace set at 400°C for 2 hours, 
after which they were cooled to room temperature. Their weights measured and the balance 
zeroed before weighing approximately 1 g of soil into them. The crucibles with the soils in 
them were then returned to the furnace now set at 105°C and left for 24 hours, the samples 
were cooled in a dessicator and the weights measured again, the samples were returned to the 
furnace one more time, now set at 400°C and left for another 16 hours, cooled and weighed 
again. The weight of the ignited sample by was determined by subtraction, and the LOI 
content of the sample is calculated by the formula (72): 
𝐿𝑂𝐿, % =  𝑊𝐹𝑂𝑙ℎ𝑀105° −  𝑊𝐹𝑂𝑙ℎ𝑀400°
𝑊𝐹𝑂𝑙ℎ𝑀105° ∗ 100 
Where,   𝑊𝐹𝑂𝑙ℎ𝑀105° = weight of soil sample after heating at 105°C  
 𝑊𝐹𝑂𝑙ℎ𝑀400° = weight of soil sample after ignition at 400°C 
The organic matter content is assumed equal to the LOI in most surface soils. 
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3.2.2.3  Results 
 
Table 5: OM Composition of Soils by Loss-On-Ignition 
Soil Average % OM Error 
London Clay 2.96 0.02 
Mercia Mudstone 0.84 0.06 
Magodo laterite 2.70 0.04 
Ikeja Loam 13.79 0.89 
   
3.2.3  Discussion  
Tables 4 and 5 present the results for the organic matter content using the organic carbon 
content and Loss-on-Ignition methods respectively. The results for both methods do not quite 
agree, except for the Loamy soil, where both methods give almost the same value. The results 
do show that for the organic-poor soils (all except the loam), the Loss-On-Ignition method 
yields much higher values for organic matter content.  
There are two likely reasons for this, the first and more likely is as a consequence of 
incomplete oxidation of organic carbon in the dichromate oxidation step, this is a common 
weakness of the method, the assumptions and correction factors that have to be employed, 
and made worse by clay mineral-rich soils or matrices with little organic content. 
An alternative reason could be as a result of the dehydroxylation and decomposition of 
inorganic constituents of the soil during heating in the LOI method, soils rich in hydrated 
aluminosilicates lose structural water and carbonate minerals, and some hydrated salts are 
decomposed.  
The values obtained from LOI method will be referred to in the proceeding sections of this 
thesis. 
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3.3  Cation Exchange Capacity Determination 
The cation exchange capacity (CEC) is a physicochemical characteristic of soils that gives 
insight about the ability of the soil to bind cations and release them in soil solution at the soil 
pH. The CEC is related to the amount of soil colloids with negative charges, such as humus 
and clay minerals (73). The CEC is operationally defined as the sum of the ion amounts 
released when mixing a fixed mass of soil with a fixed volume of reactant solution (73). 
Methods for CEC determination involve complete saturation of the soil exchange complex by 
a mono-ionic solution, the CEC is then quantified either by measuring the difference between 
the initial and remaining added-ion concentration, by removing and measuring the index 
cation (the index cation from the mono-ionic solution has a known initial amount which 
allows for the determination of cations exchanged by the soil) ion from the soil, or 
alternatively, by measuring and summing up the soil cations removed from exchange sites 
(73). 
Various methods have been employed for the determination of CEC. These methods differ by 
the reactant used, the variables measured, and the pH conditions during extraction. As with 
many other physical and chemical parameters, the CEC value is the result of a particular state 
of equilibrium between the test sample and the test physical and chemical environment (74). 
Therefore, the impact of factors such as, the nature of index cation, the ionic strength of the 
reagent solution, or the pH of the suspension on the CEC values obtained can vary 
significantly depending on the method of determination employed (74). The table below 
presents the different reagents that have been used and the reaction conditions required. 
 
Table 6: Methods for CEC Determination 
Reagent pH conditions 
Ammonium acetate Buffered 
Barium Chloride Buffered 
Silver-thiourea Buffered 
Ammonium oxalate Buffered 
Cobaltihexamine chloride Soil pH 
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Of these methods, the Cobaltihexamine (Cohex) chloride [Co(NH3)6Cl3] method offers the 
most advantages. CEC is expressed as milliequivalent per 100 g of solid (meq 100 g-1), or as 
centimoles of positive charge per kilogramme of soil dry weight (cmol+ kg-1), both being 
equal in value. 
 
3.3.1  Principle 
The Cohex ion [Co(NH3)63+] is stable, exchanges easily and gives satisfactory results with 
little reagent excess. These properties facilitate the determination of the quantity of reagent 
fixed, since the difference between the initial and residual concentrations remains relatively 
large (74). This is in contrast to the other methods, which require that the absorbed cation be 
further put back in solution. Cohex chloride is an unbuffered reagent, this makes it 
appropriate for soils with large amounts of pH-dependent charges (73). Its use in solutions at 
low concentration (0.0167 mol dm-3) is an additional advantage; as such conditions are closer 
to natural soil conditions (74). This method was therefore employed for the determination of 
CEC of the soils and clay minerals.  
The Cohex ion has a maximum UV-Vis absorption at 475 nm, it also exhibits strong 
absorption at 340 nm as shown in Figure 18. Therefore, the amounts of Co left can be 
determined spectrophotometrically without preliminary treatment of the extracts. However, a 
problem of specificity may appear owing to a slight dissolution of organic matter, which also 
absorbs at 475 nm. The ratio of absorbance at both wavelengths is constant for pure Cohex 
ion, and can consequently be used to eliminate the interferences (74).  
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Figure 18: UV-Visible Spectrum of Cobaltihexamine Chloride 
 
3.3.2  Method 
2 g of the dried solid (soils, OM-stripped soils, clay minerals and composite mixtures) were 
measured into 50 cm3 polypropylene tubes after they had been sieved through a 0.5 mm 
mesh. 40 cm3 of 0.0167 mol dm-3 Cohex chloride solution were added. The tubes were 
shaken on a mechanical shaker set at 100 rpm for 1 hour, after which they were centrifuged at 
6000 rpm for 20 minutes. The supernatants were decanted and filtered through 0.45 µm 
membrane filters. The pH of the filtrates were immediately determined, and the absorbances 
at 475nm and 340nm shortly after on a Varian Cary 50 Bio UV-Vis spectrophotometr. Blank 
samples (without solids) were also measured using the same procedure.  
The CECs of the solids were then calculated using the formula: 
 
𝐶𝐶𝐶 = �𝐴𝐵𝐵𝐿𝑛𝐵 −  𝐴𝑆𝑜𝐵𝑖𝑑
𝐴𝐵𝐵𝐿𝑛𝐵
� ∗ 50 ∗ 𝑉
𝑚
∗ 100 
 
Where,  ABlank = Absorbance of blank 0.0167 mol dm-3 Cohex chloride  
  ASolid  = Absorbance of sample solution 
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  V = Volume in Litre of Cohex solution added to sample (0.04 l) 
  m = Mass of solid in g (2 g) 
0.0167 mol dm-3 Cohex chloride solution = 50 meq l-1 Cohex chloride  
The filtered supernatant solutions were then used for exchangeable cations (EC) 
measurements using inductively coupled plasma - optical emission and mass spectrometry 
(ICP-OES and ICP-MS). The following cations were measured; aluminium, calcium, iron, 
magnesium, manganese, potassium and sodium. 
 
3.3.3  Results 
The average CEC values calculated for the clay soils, clay minerals, as well as quartz and the 
ferric oxides for both 340 and 475 nm are presented in Table 7 below. 
 
Table 7: CEC of Solid Phases 
Solids  
(475) (340) 
Avg CEC  Error Avg CEC  Error 
 
Ldn Clay  19.54 3.87 19.35 3.77 
Mrca Mdst 9.13 0.42 8.79 0.52 
Mag Lat 4.39 0.07 4.09 0.06 
Ik Loam  14.02 1.66 12.23 1.49 
 
Bentonite  75.73 2.71 74.86 2.68 
Kaolinte  6.73 0.12 6.32 0.14 
Quartz  0.43 0.03 0.67 0.03 
Hematite  0.23 0.17 0.36 0.17 
Goethite  0.70 0.14 0.54 0.10 
*All CEC values are expressed as meq 100 g-1 of solid.  The A 475/340 ratio for pure cohex chloride was 
calculated to be between 1.24-1.27. 
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3.3.4 Discussions 
The CECs of the soils increases in the order: 
Magodo Laterite >> Mercia Mudstone >> Ikeja Loam >> London Clay 
The CECs of the London Clay and Mercia Mudstone remained insignificantly changed after 
stripping them of organic matter, while those for the laterite and loam on the other hand 
decreased by between 30 - 45 % and 49 - 52 % respectively.   
Of the clay minerals, quartz and the ferric oxides, bentonite showed by far the highest and the 
only high CEC. Bentonite is composed mostly of montmorillonite whose high CEC is due to 
substantial isomorphic substitutuion and to the presence of fully expanded interlayers that 
promote the exchange of ions (34). Kaolinite CEC is low because the degree of isomorphic 
substitution is minimal, so exchange occurs only on external sites, this is especially true for 
pure phases with few impurities. Quartz is known to show little reactivity and the metal 
oxides are better anion exchangers than cationic ones. 
 
3.4  Nature of Exchangeable Cations 
The amount of exchangeable cations present in the clay minerals and soils were determined 
by measuring the concentrations of aluminum, calcium, iron, magnesium, manganese, 
potassium, and sodium concentrations exchanged with the cobalt from the cohex solutions 
used for the CEC measurement.  Known volumes of the exchanged cohex solutions were 
measured and acidified with nitric acid to yield 0.5% nitric acid solutions and the exchanged 
cations determined by ICP-OES, ICP-MS in the case of caesium. The results are presented in 
Table 8. 
The bentonite had large amounts of exchangeable calcium and sodium (2525 and 3504 µg g-1 
respectively), and lesser amounts of magnesium and potassium; this explains its high CEC 
(75 meq 100g-1). Sodium accounted for most of the exchangeable cations present in kaolinite, 
with lesser amounts of calcium, magnesium and potassium.  
Calcium was the dominant cation for all the soils, and contributed by far the most to the CEC 
of the Ikeja Loam and Magodo Laterite, with magnessium, sodium and potassium accounting 
for significant portions.  
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Table 8: Exchangeable Cations In Solid Phases (ug g-1) 
Solid Phase Ca Na K Fe Mn Al Mg Cd Ni Sr Cs 
Ldn Cly 2393 332 296 1.29 3.45 7.68 651 7.57 4.36 15.68 3.64 
Mrc Mdstn 1320 65.9 207 0.82 0.37 2.75 458 6.55 2.80 1.33 3.58 
Mg Lt 1004 79.1 205 1.02 1.92 2.73 52.9 7.04 2.88 3.33 3.43 
Ik Lm 2970 39.3 112 0.79 1.99 2.17 62.4 6.26 2.39 5.93 3.37 
 
Bent 2525 3504 266 1.45 0.12 0.46 649 1.84 0.63 154 4.82 
Kaol 114 1354 115 1.16 1.56 2.02 96.5 6.59 2.41 0.25 13.6 
Qrtz 15.2 67.3 55.5 1.15 1.36 1.71 4.85 7.03 2.54 0.52 3.36 
Hema 42.1 38.6 48.9 1.01 0.11 0.31 6.59 7.13 2.53 20 3.63 
Goet 8.71 218 41.7 1.34 0.06 0.36 6.63 7.03 2.41 0.36 3.43 
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3.5  pH Determination  
To determine the pHs of the solid phases, suspensions of 1:10 solid/liquid ratio, 1 g in 10 cm3 
of deionised water were prepared in polypropylene tubes, and gently shaken for 8 hours to 
equilibrate, before pH readings were obtained with a Jenway 3510 pH meter. Results are 
presented in Table 9. 
All the solids had pH values ranging from near neutral to mildly alkaline. The British soils 
(London Clay and Mercia Mudstone) were exhibited greater alkalinity than the Nigerian soils 
(Magodo Laterite and Mercia Mudstone). Bentonite and goethite were the most alkaline of all 
the solids, a good condition for cation sorption from soil solution. 
 
3.6  Surface Area Measurement 
The N2 BET surface areas of the samples were determined using a Tristar 300, Micromeritics 
physisorption system at Loughborough University, Materials Department. The method 
achieves this by deriving the amount of nitrogen adsorbed on the solid surface at monolayer 
coverage from either a single-point analysis or a multipoint plot of adsorption isotherm data, 
it is named after its inventors Brunauer, Emmett and Teller (BET).  
From knowledge of the projected cross-sectional area per molecule in the monolayer and the 
quantity of gas adsorbed, the surface area is calculated using the equations below: 
 
𝑃 𝑃∅⁄
𝑉[1 − 𝑃 𝑃∅⁄ ] =  1(𝑉𝑚𝐶) +  [(𝐶 − 1)(𝑉𝑚𝐶) ]𝑃/𝑃∅  
 
𝑆 =  𝑉𝑚𝐴𝐴
𝑀
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Where,  V = volume (at standard temperature and pressure, STP) of gas adsorbed 
  𝑃  = pressure of adsorption 
𝑃∅ = saturation pressure, vapour pressure of liquefied gas at the      adsorbing 
temperature 
𝑉𝑚 = volume of gas (STP) required to form an adsorbed monomolecular layer 
𝐶 = constant related to the energy of adsorption 
𝑆 = surface area of sample 
𝐴 = Avogadro’s number, number of gas molecules in a mole of gas 
𝐴 = area of each adsorbed molecule 
𝑀 = molar volume of the gas 
 
Inert gases like nitrogen do not penetrate the interlayers of expanding clay minerals, therefore 
only the external surface area is determined using the BET method (75). The method is not 
the most accurate for montmorillonite clays like bentonite for this reason, since its surface 
area is mostly internal. 
Results for surface area measurements are presented in Table 9. Amongst the soils, the 
Magodo Laterite greatest surface area, followed by the London Clay, with Ikeja loam 
possessing the lowest. For the single phases and bentonite, kaolinite possessed the greatest 
surface area, followed by the goethite and then bentonite. Quartz and Hematite possessed 
very low surface areas. 
 
 
 
81 
 
Table 9: pH and Surface Area of Solid Phases 
Solid Phase pH range Surface Area (m
2 g-1) 
 Average Error 
London Clay 8.18 - 8.25 14.87 0.73 
Mercia Mudstone 8.94 - 9.01 9.75 0,6 
Magodo Laterite 7.63 - 7.69 23.91 1.18 
Ikeja Loam 7.48 – 7.53 5.52 0.2 
   
Bentonite 9.22 – 9.26 6.73 0.35 
Kaolinite 7.71 – 7.84 10.70 0.16 
Quartz 7.38 – 7.46 0.86 0.03 
Hematite 6.98 – 7.03 1.06 0.03 
Goethite 8.94 – 9.01 8.39 0.22 
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3.7  Phase Identification and Quantification by Powder X-Ray Diffraction  
The identification and quantification of clay minerals and other crystalline constituents 
present in soils is often difficult. Powder X-ray diffraction (XRD) is the most widely used 
and has become the standard technique for phase identification and is (perhaps) the only 
method for crystalline phase quantification in soil samples. XRD allows for the most precise 
identification and provides very representative data, as each measurement represents an 
average over millions of clay mineral particles (76). XRD is more applicable to crystalline 
samples, as it does not or poorly identifies non-crystalline or partially crystalline phases. 
However, methods exist to obtain data on amorphous components of soils, although these 
may be combinations of several components. 
 
3.7.1  Principle of XRD 
Electromagnetic radiation has relatively short wavelengths in the X-ray region, therefore X-
rays are high energy waves and are much more penetrating compared to UV, visible, IR or 
radio waves. Crystalline materials such as clay minerals are ordered three-dimensional 
arrangements of atoms with characteristic interplanar or diffraction spacing (d-spacing) (34). 
As the spacing between atoms is on the same order of magnitude as X-ray wavelengths (1-3 
Å), crystals can diffract the radiation when the diffracted beams are in-phase.  
The Bragg equation is given as  
              nλ = 2d sinθ 
For a given wavelength (λ), diffraction can only occur at a certain angle (θ) for a given d-
spacing. 
In powder XRD, a powder is used to ensure completely random crystal orientation to get 
diffraction from all possible planes. The XRD pattern is unique for a particular structure type 
and composition, and can be used as a fingerprint (peak position, intensity, shape, and 
breadth) to identify the crystalline phase(s) present. Since different minerals have different 
structure type and compositions, XRD is an ideal tool for identifying different minerals. The 
intensities of the XRD pattern of an individual mineral are known to be proportional to the 
concentrations of the different minerals present, therefore, by measuring the intensities of 
patterns, estimates of the relative amounts of each phase present can be made (77). 
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Although XRD is the best tool for mineral quantification, it has its limitations associated with 
the heterogeneous nature of clays in soils. These limitations include;  
• Compositional variation (78), 
• Degree of Crystallinity (79), 
• Variable degrees of structural order/disorder (78), 
• Changes in diffraction patterns caused by ionic substitution (80), 
• Tendency towards preferred orientation in the powdered sample (78) (79) (80), 
• Overlapping of diffraction peaks of different phases present (81), 
• Wide ranging grain size of the different particles (80), and 
• Differential absorption of X-rays by the various minerals in the mixture (79) (80). 
 
As such, XRD is mostly a semiquantitative method, however factors such as nature of 
sample, operator’s skill level and diffractometer employed can allow for more accurate 
quantification. Several methods have been used for mineral quantification of soils, they 
involve (77); 
1. Analysis based on peak areas 
2. Use of the identical mass absorption coefficient method 
3. Mineral diagnosis based on an internal standard 
4. Quantitative mineral evaluation using an external standard 
5. Rietveld refinement method. 
 
The Rietveld method is the most satisfactory of all these, but it is difficult and requires 
considerable proficiency and experience. This method uses the full profile of an XRD pattern 
rather than the intensities of particular peaks therefore, providing more information for 
mineral quantification. A formula developed by Rietveld gives the intensity at any point in 
the scan of a single mineral with information on how to refine relevant crystal structure and 
instrumental parameters by least-squares analysis of the profile (80). This approach allows a 
calculated XRD profile of each mineral to be generated from its known crystal structure and 
the sum of all calculated patterns to be fitted to the observed XRD profile of a multi-mineral 
sample by iterative least square analysis to find the optimum individual phase scales. The 
phase scales are then used to determine the different mineral percentages in the sample (80). 
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In this study, the identification of constituent phases was carried out in the Chemistry 
department at Loughborough University, while the quantitative analysis of three of the soil 
samples (Magodo Laterite, Ikeja Loam and Mercia Mudstone) was contracted to British 
Geological Survey and the results published as a commissioned report (CR/10/146) (82). The 
data for the mineralogical composition of London Clay were obtained from Lewis (83). The 
phase identification and quantification methods and results are presented in the next section. 
 
3.7.2  Phase Identification 
3.7.2.1  Method 
All soils were crushed and sieved through a 0.5mm mesh. The data were collected on the 
soils without any pre-treatment. The soils were loaded onto 2.5 cm diameter deep well 
sample holders and then pressed with glass slides while turning the cavity to avoid preferred 
orientation of the soils. The X-ray diffraction patterns were collected using a Bruker, D8 
Advance Discover Diffractometer with CuKα1 radiation, and a position sensitive detector 
(PSD). The data were collected over the 2θ range 5º to 80º 2θ, with a step size of 
0.0007(17917)º 2θ, corresponding to 0.3 sec/step. The patterns obtained were analysed using 
the EVA Analysis, Diffra Plus 2004 software, and the STOE Powder Diffraction Software 
Package. The minerals in each case were identified from the diffraction patterns by reference 
to the International Centre for Diffraction Data (ICDD) Powder Diffraction File.  
 
3.7.2.2  Results 
Figure 19 shows the diffraction pattern for London Clay. The most prominent peak was that 
for illite at 26.5° 2θ which overlaps with the most intense peak for quartz, and another peak 
around 9° 2θ which fits well with an illite-type phase. The diffraction pattern also has a peak 
pattern at 6.5° 2θ which matches with a montmorillonite type-phase, prominent quartz peaks 
at 21° 2θ and 26.6 2θ, and a peak at 27.5° 2θ which appears to match anorthoclase, an alkali 
feldspar. 
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Figure 19: XRD Pattern for London Clay 
 
Analysis of the diffraction pattern for Mercia Mudstone in Figure 20 shows that illite (9° 2θ 
and 26.5° 2θ) and dolomite (30.5° 2θ) are the most abundant phases. Other phases present 
include quartz, anorthoclase, albite and maybe trace amounts of kaolinite. 
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Figure 20: XRD Pattern for Mercia Mudstone 
 
Figure 21 shows that the dominant phases in the Laterite are kaolinite (12.5°2θ and 25°2θ) 
and quartz (26.5°2θ). Goethite and hematite are also present, as are trace amounts of what 
appears to be illite. 
 
The diffraction pattern for the Loam presented in Figure 22 shows that quartz is the most 
abundant phase present, and also suggest that kaolinite in substantial quantity. The soil also 
contains trace amounts of anorthoclase, albite and calcite. 
 
Figures 23 and 24 show the diffraction patterns for the samples of bentonite and kaolinite. 
The bentonite appears to contain trace impurities of quartz. 
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Figure 21: XRD Pattern for Magodo Laterite 
 
 
Figure 22: XRD Pattern for Ikeja Loam 
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Figure 23: XRD Pattern of Bentonite 
 
 
Figure 24: Diffraction Pattern of Kaolinite 
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3.7.3  Phase Quantification 
As stated previously, work for this section was contracted to British Geological Survey and 
the results published as a commissioned report (CR/10/146) (Wagner, 2010). 
 
3.7.3.1  Sample Preparation 
In order to provide a finer and uniform particle-size for powder XRD analysis, a 4.5 g portion 
of each powdered sample was micronised under deionised water for 10 minutes with 10 % 
(0.5 g) corundum (American Elements - PN:AL-OY-03-P). The addition of an internal 
standard allows validation of quantification results and also detection of any amorphous 
species present in the samples (82). Corundum was selected as its principal XRD peaks are 
suitably remote from those produced by most of the phases present in the samples. The 
samples were then spray-dried following the method and apparatus described by Hillier 
(1999) (84). The spray-dried materials were then front-loaded into standard stainless steel 
sample holders for analysis (82). 
 
For clay mineral analysis approximately 10 g of each sample was dispersed in deionised 
water using a reciprocal shaker combined with ultrasound treatment. The suspensions were 
then sieved through 63 μm sieve and the <63 μm material whilst still in solution placed in a 
measuring cylinder and allowed to stand. In order to prevent flocculation of the clay crystals, 
1 cm3 of 0.1 mol dm-3 'Calgon' (sodium hexametaphosphate) was added to each suspension 
(82). After a time period determined from Stokes' Law, a nominal <2 μm fraction was 
removed and dried at 55°C. 100 mg of the <2 μm material was then re-suspended in a 
minimum of distilled water and pipetted onto a ceramic tile in a vacuum apparatus to produce 
an oriented mount. The mounts were Ca-saturated using 0.1 mol dm-3 CaCl2.6H2O solution 
and washed twice to remove excess reagent (82). 
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3.7.3.2  Method 
XRD analysis was carried out using a PANalyticalX’Pert Pro series diffractometer equipped 
with a cobalt-target tube, X’Celerator detector and operated at 45kV and 40mA.The spray-
dried samples were scanned over the 2θ range 4.5-85 °2θ at 2.76 °2θ/minute. Diffraction data 
were initially analysed using PANalytical X’Pert Highscore Plus version 2.2a software 
coupled to thelatest version of the International Centre for Diffraction Data (ICDD) database 
(82). 
 
Following identification of the mineral species present in the samples, mineral quantification 
was achieved using the Rietveld refinement technique (85) using PANalytical Highscore Plus 
software. This method avoids the need to produce synthetic mixtures and involves the least 
squares fitting of measured to calculated XRD profiles using the Cambridge Structural 
Database (CSD) (82). Errors for the quoted mineral concentrations are typically ±2.5 wt % 
for concentrations >60 wt %, ±5% for concentrations between 60 and 30 wt %, ±10% for 
concentrations between 30 and 10 wt %, ±20% for concentrations between 10 and 3 wt % 
and ±40% for concentrations <3 wt% (86). Where a phase was detected but its concentration 
was indicated to be below 0.5 wt %, it is assigned a value of <0.5%, since the error associated 
with quantification at such low levels becomes too large (82). 
 
The  <2 μm oriented mounts were scanned from 2-40 °2θ at 1 °2θ/minute after air-drying, 
after glycol-solvation and after heating to 550°C for 2 hours. In order to gain further 
information about the nature of the clay minerals present in the samples, modelling of the <2 
μm glycol solvated XRD profiles was carried out using Newmod-for-Windows™ (87) 
software. Modelling was also used to assess the relative proportions of clay minerals present 
in the <2 μm fractions by comparison of sample XRD traces with Newmod-for- Windows™ 
modelled profiles (82). The modelling process requires the input of diffractometer, scan 
parameters and a quartz intensity factor (instrumental conditions), and the selection of 
different sheet compositions and chemistries. In addition, an estimate of the crystallite size 
distribution of the species may be determined by comparing peak profiles of calculated 
diffraction profiles with experimental data (82). By modelling the individual clay mineral 
species in this way, mineral reference intensities were established and used for quantitative 
standardization following the method outlined in Moore & Reynolds (1997) (88). 
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3.7.3.3  Results and Discussions 
The full report, including all of the XRD data, of the commissioned study is presented in the 
Appendices. A summary results for the quantitative whole-rock analysis are presented in 
table 10, while those for the <2 μm clay XRD are summarised in table 11. XRD analysis 
indicates that the sample labelled ‘Magodo Laterite’ is predominantly composed of quartz 
(47.2 %) and kaolinite (42.6 %) with minor amounts of goethite (7.2 %) and hematite (2.1 %) 
and trace amounts of anatase (82). <2 μm analyses confirm that the clay mineral assemblage 
is predominantly composed of kaolinite. A low intensity peak at 10Å on the heated XRD 
trace, not detected on either the air-dry or glycol-solvated traces may possibly indicate the 
presence of trace amounts of smectite (82). 
 
The sample labelled ‘Ikeja Loam’ contains major amounts of quartz (74.8 %) with 
minoramounts of kaolinite (13.9 %), K-feldspar (5.2 %) and albite (3.6 %) and trace amounts 
ofcalcite, hematite, anatase and ‘mica’ (undifferentiated mica species possibly 
includingmuscovite, biotite, illite, illite/smectite etc.) and chlorite (82). <2 μm analyses 
indicate that the clay mineral assemblage is predominantly composed of kaolinite with minor 
amounts of illite and chlorite (82). 
 
The ‘Mercia Mudstone’ sample is predominantly composed of ‘mica’ (32.2 %), dolomite 
(24.3 %) and quartz (22.3 %) with minor amounts of K-feldspar (12.8 %), chlorite (5.5 %) 
and albite (1.3 %) and traces of hematite, calcite and smectite (82). The clay mineral 
assemblage of this sample is predominantly composed of illite with minor amounts of 
chlorite and a trace of smectite (82). 
 
London Clay is mainly composed of quartz (52.9 %), illite (18.9 %), and mica (13.5 %), and 
minor amounts of kaolinite (8.3 %) and k-feldspar (3.7 %). It also contains very little 
amounts of albite (2.1 %) as well as trace amounts of chlorite (<0.5 %), dolomite (0.5 %) and 
lepidocrocite (0.5 %). 
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Table 10: Summary of quantitative whole-rock analysis 
Sample BGS Code 
Mineral (%) 
al
bi
te
 
an
at
as
e 
ca
lc
ite
 
ch
lo
rit
e*
* 
do
lo
m
ite
 
go
et
hi
te
 
he
m
at
ite
 
K-
fe
ld
sp
ar
 
ka
ol
in
ite
 
le
pi
do
cr
oc
ite
 
m
ic
a*
 
qu
ar
tz
 
sm
ec
ti
te
 
London Clay (83) MPLM156 2.1 nd nd <0.5 0.5 nd nd 3.7 8.3 <0.5 13.4 52.9 18.9 
Mercia Mudstone 
(82) MPLP904 1.3 nd <0.5 5.5 24.3 nd 1.0 12.8 nd nd 32.2 22.3 <0.5 Magodo Laterite 
(82) MPLP902 nd 0.9 nd nd nd 7.2 2.1 nd 42.6 nd nd 47.2 ?<0.5 Ikeja Loam (82) MPLP903 3.6 0.5 1.0 <0.5 nd nd 0.8 5.2 13.9 nd <0.5 74.8 nd 
 
KEY nd  = not detected 
* undifferentiated mica species including muscovite, biotite, illite and illite/smectite etc 
** chlorite concentration probably underestimated as difficult to quantify in the presence of kaolinite and smectite. 
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Table 11: Summary of <2 μm clay mineral XRD analyses 
Sample 
BGS 
Code 
Clay mineralogy (%) Non-clay minerals 
Chlorite Illite Kaolinite Smectite  
London Clay 
(83) 
MPLM156 4 35 19 43 Quartz, lepidocrocite 
Mercia 
Mudstone (82) 
MPLP904 7 91 nd 2 
Quartz, dolomite, 
hematite 
Magodo Laterite 
(82) 
MPLP902 nd nd 99 1 
Quartz, goethite, 
hematite 
Ikeja Loam (82) MPLP903 6 9 85 nd Quartz, albite, K-
feldspar, calcite 
 
 
3.8  Point of Zero Charge (PZC) Determination  
The PZC of solids provide essential information on their adsorption characteristics and 
colloidal stability. The PZC is the pH value of a soil suspension where the net surface charge 
is zero (89), this implies that there is no diffuse layer and all adsorbed ions are surface 
complexed and considered immobile (90). If the measured pH of a soil suspension is lower 
than the PZC, the surface is net positively charged; and if the pH is greater than the PZC, the 
surface is net negatively charged (34). 
There are different kinds of PZCs (point of zero net charge PZNC, point of zero net proton 
charge PZNPC, point of zero salt effect PZSE) and they are all measured differently, The 
PZSE is the pH value where net proton surface charge is unaffected by changes in ionic 
strength (91), two or more potentiometric titration curves intersect at this pH when performed 
at various ionic strengths, this is referred to as the common intersection point (CIP), the 
PZSE is the most commonly determined PZC. 
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3.8.1  PZC Determination by Salt Addition 
3.8.1.1  Method 
The method used was adapted from Mustafa et al (2001) (92). 40 cm-3 of 0.1 mol dm-3 
NaNO3 solutions were measured into titration flasks, their pHs adjusted to 2, 3, 4, 5, 6, 7, 8, 9, 
10 and 11 using HNO3 and NaOH solutions, then their exact initial pHs were measured and 
recorded. 0.2 g of the solid were added and left to shake for 24 hours in a water bath set at 
25°C, before the final pHs of the solutions were measured and recorded. The pH change 
(ΔpH) for each sample was recorded and these values plotted against initial pH values, the 
PZC is the pH at which ΔpH = 0. All samples where done in duplicates and averages taken. 
 
3.8.1.2  Results and Discussions 
As shown in Figure 25 below, the soils appear to each have at least two PZCs, with a third 
likely if the experimental pH range was extended beyond 11. 
 
 
Figure 25: PZC Determination for Soils using Salt Addition Method 
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These multiple PZCs result due to the compositional make-up of the soils, with the different 
surface behaviour of the different constituents in competition with each other. All the soils 
had acidic PZCs around pH 2, this can be attributed to their quartz component as they all 
contain significant quantities; quartz has been reported to have a PZC of 2 (93). Second more 
realistic PZCs (Laterite 6.65, Loam 7.25, Mercia Mudstone 8.95, London Clay 7.60) are also 
observable from Figure 25, as are less likely third PZCs around pH 11; it is rare for surface 
soils to reach such alkaline pHs. 
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4.0 Binary Sorption Systems 
This chapter focuses on the effects of environmental conditions like pH and ionic strength has 
on the sorption behaviour in simple binary systems of metals (M), clay minerals (CM) and 
humic acid (HA). It investigates;  
• pH effect on Humic acid – Clay Mineral (bentonite) sorption, 
• pH effect on Metal (Cd, Cs, Ni & Sr) – Humic acid complexation 
• pH and ionic strength effect on Metal (Cd,Cs, Ni & Sr) – Clay Mineral (bentonite and 
kaolinite) sorption.  
 
4.1  Preparation of Materials 
4.1.1   Metal Speciation in Sodium Perchlorate 
The speciation of cadmium, caesium, nickel and strontium in NaClO4 were modelled using 
the JCHESS speciation software so as to determine the species present in solution at different 
pHs and their proportions. The importance of speciation lies in the fact that at high pH values, 
metal ions are capable of forming hydrolysis products that can result in the formation of 
colloids or precipitates (98). This can reduce the amount of metal cation available for the 
sorption sites. The JCHESS software uses Saturation Indices to predict if particular species 
precipitate as crystalline solids under modelled conditions (98). Positive values for saturation 
indices indicate the occurrence of precipitation, and vice versa. 
The speciation charts presented here are those for high metal concentrations (0.01 mol dm-3) 
in a strong sodium perchlorate (0.01 mol dm-3) background. Speciation models at lower metal 
concentrations were also carried out and are presented in the appendices, it is worthwhile to 
note the different species as the concentration of metal is varied.  
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Figure 26: Cadmium Speciation in Sodium Perchlorate 
 
Figure 26 depicts the distribution of cadmium species; below pH 8, Cd2+ is the dominant 
species and CdNO3+ present in lesser amounts. Above pH 8, hydrolysis begins, mostly in 
form of Cd(OH)2  and trace amounts of Cd(OH)+  which readily undergoes further hydrolysis 
to yield Cd(OH)2 precipitate. 
At lower Cd concentrations, hydrolysis begins at pHs higher than that for high Cd 
concentration (hydrolysis pH increasing with decreasing Cd concentration), and a variety of 
hydrolysed species (CdOH, Cd(OH)3-, Cd(OH)42-)  remain in solution without precipitating. 
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Figure 27: Caesium Speciation in Sodium Perchlorate  
 
Figure 27 depicts the distribution of caesium species. Caesium being monovalent, has only its 
ionic form Cs+ present in sodium perchlorate over the entire pH range 0-14. This remains the 
case at all Cs concentrations.  
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Figure 28: Nickel Speciation in Sodium Perchlorate 
 
As evident from Figure 28, nickel behaves very much like Cd but is even less soluble, Ni2+ 
and NiNO3+ being the major and minor species at below ≈ pH 7.5, after which precipitation 
of the oxide, bunsenite (NiO) occurs. 
At lower Ni concentrations, hydrolysis occurs at higher pHs, but without as many varied 
hydrolysis products (Ni(OH)2, Ni(OH)3-) as compared to Cd. 
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Figure 29: Strontium speciation in sodium perchlorate solution 
 
Figure 29 presents the speciation of strontium in high concentration of sodium perchlorate. 
Strontium exists as three species in perchlorate solution (Sr2+, SrNO3+ and SrOH+). At lower 
pH until pH 12, Sr+ is the dominant species in solution, but hydrolysis to SrOH+ at pH greater 
than 12 results in the decrease in Sr+ concentration and increase in SrOH+. SrNO3+ is present 
in low concentrations at low pH up until pH 12, reducing further as a result of hydrolysis at 
pH > 12. 
At lower Sr concentrations, the nitrate is absent, but otherwise shows no difference from 
speciation at higher concentrations. 
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4.1.2  Purification of Humic Acid Standard 
Approximately 10 g of humic acid, sodium salt (Aldrich) were dissolved in 5000 cm3 of 0.5 
mol dm-3 NaOH solution, the pH was measured at 13.20. The solution was sonicated for 2 
hours. 100cm3 of concentrated HCl were added to the solution and the pH measured as 0.75, 
humic acid precipitated at this pH and was left to stand overnight. The yellowish-brown 
supernatant was decanted off. The humic acid residue was then redissolved in 2000 cm3 of 
0.5 mol dm-3   NaOH (pH 13.35), the solution was acidified to pH < 1 with concentrated HCl 
to precipitate humic acid and left to stand for 4 hours. The supernatant solution was decanted 
off and the humic acid filtered with 0.45μm cellulose nitrate membrane filter (Whatman, 
UK), the filtration was suction assisted (99). 
The humic acid residues were washed twice with deionised water and placed on a Petri dish 
in a desiccator until they were dry. The dried humic acid was stored in a glass vial.  
 
4.1.3  Determination of Carboxylate Group Capacity of Humic Acid 
The acidic behaviour of humic substances such as humic and fulvic acids is complex because 
they are a mixture of stronger acids (COOH acids) and weaker acids (mostly phenolic acids).  
The COOH acids are the most reactive functional groups in humic substances (HS) and 
dominate their chemistry. An estimate of the acidity of HSs associated with COOH acids can 
be distinguished from that of other acids in HSs by potentiometric titrations, this involves 
titrating HA solution with a strong base while measuring the pH of the HA solution, to 
determine the maximum change in pH with change in titre volume (100). The volume beyond 
this point is taken to be that associated with COOH groups and that above due to phenolic 
groups and other weak acids. 
The calcium acetate method is the most common, and involves measuring the amount of 
acetic acid generated from reaction of calcium acetate and HA by titration with NaOH.  
50 mg of purified HA were measured into 125 cm3 conical flasks, and 10 cm3 of 0.5 mol dm-3 
Ca(OAc)2  and 40 cm3 of CO2 free distilled water (achieved by degassing with N2) were added 
to the beaker. The process was repeated with blanks (containing no HA) and done in 
triplicates. All the samples were shaken for 24 hrs, after which the solutions were filtered 
through 0.45 µm membrane filters, and washed with CO2 free deionised water. Using a pH 
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meter, the filtrates were titrated to pH 9.8 using a standardized 0.1 mol dm-3 NaOH solution 
(100). 
The COOH acidity was then calculated using the following equation: 
𝐶𝑂𝑂𝐶 𝑂𝑂𝑂𝑎𝑂𝑀𝑎 (𝑚𝑚𝑙𝑙 𝑙−1) = �𝑉𝑖𝐿𝑚𝑠𝐵𝑠 −  𝑉𝑏𝐵𝐿𝑛𝐵� ∗  𝑀𝑏𝐿𝑏𝑏𝑊𝑏𝐿𝑠𝑠𝑠𝑏(𝑔)   (100) 
 
The COOH acidity was determined to be 4.87 ± 0.18 mmol g-1 which shows good agreement 
with earlier studies by other researchers. Yamaguchi et al (2004) (101) reported a value of 
4.07 mmol g-1 from humic acid extracted from an Allophanic andisol from Japan, Sakarugi et 
al (2005) (102) and Samadfam et al (1996) (103) reported values of 4.7 and 4.89 mmol g-1 
respectively for purified humic acid using a potentiometric titration under N2 atmosphere.  
 
4.2  Effect of pH on Humic Acid Sorption to Bentonite 
4.2.1  Method 
5, 10, 20, 50 and 100 ppm solutions of the purified humic acid (HA) were pre-dissolved in a 
weak solution of NaOH to ensure complete dissolution of HA, then prepared in situ with 
MES- and CHES-buffered 0.1 mol dm-3 NaClO4. Aliquots of the MES buffered HA acid 
solutions were adjusted to pH 5, 6 and 7, and CHES buffered solutions adjusted to 8 and 9 
with HNO3 and NaOH such that the concentration of HA is not significantly changed. 0.1 g 
of the bentonite clay were weighed into 50 cm3 polyethylene centrifuge tubes, 20 cm3 of each 
of the pH adjusted HA solutions were added to the tube, and allowed to equilibrate for 7 days 
by shaking at 100 rpm on a mechanical shaker. The pHs of the samples were measured after 
the first day, and if the pH had drifted, they were readjusted to the initial set pH, and 
monitored throughout the experiment. The pHs were stable after readjustment. 
After shaking, the samples were centrifuged at 6000 rpm for 20 minutes and the supernatants 
filtered through 0.45 µm disk filters.  
The UV absorbances of humic acid standard solutions (5, 10, 20, 50 and 100 ppm) were 
measured at a wavelength of 254 nm. Humic acid absorbance is significantly affected by the 
pH of measurement and deviates from linearity above 60 ppm concentration, as such, for 
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calibration measurements standard solutions were adjusted to pH 5, 6, 7, 8, & 9 and 
calibration graphs plotted at each of the pHs. 
The absorbance of each sample was then measured and the HA concentration calculated 
according to the pH of measurement. The amounts of HA bound to the bentonite were also 
calculated and Rd values obtained. Also, it was determined that centrifugation had a minimal 
effect of on the precipitation of HA (< 5%) loss, this was corrected for in the calculations. 
 
4.2.2  Results and Discussions 
 
Figure 30: Effect of HA concentration on humic acid sorption to bentonite 
 
Figure 30 above and 31 below show that pH strongly affects the sorption of HA to bentonite. 
HA is more strongly adsorbed onto bentonite surfaces at low pHs, as pH decreased, less HA 
was adsorbed onto the bentonite surfaces. The graph also shows that sorption of HA onto 
bentonite surfaces also reaches a maximum, and this maximum adsorption value increases 
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with decreasing pH. The maximum bound at pH 5 was 9.13 * 10-3 g g-1, and reduces to as low 
as 2.63 * 10-3 g g-1 at pH 9. 
 
 
Figure 31: Effect of pH and humic acid (HA) concentration on HA sorption to bentonite 
 
Salman et al (2007) have reported similar results when they investigated the thermodynamics 
of HA sorption to bentonite (104), Samadfam et al (2000) also reported similar behaviour on 
the effect of pH on HA sorption to kaolinite. The exact sorption mechanism of HA to clay 
surfaces is not fully understood yet (105), it has been suggested by, Partiff (1977), Tipping 
(1981), Davis (1982), Murphy et al (1992), Niitsu et al (1997) that the sorption occurs by 
ligand exchange reaction between the hydrolyzed groups on the mineral surfaces and the 
functional groups of HA (106) (107) (108) (109) (110). 
Sposito (1984), Zhang and Sparks (1989) have proposed a 3-step mechanism for the ligand 
exchange process. The first step involves the protonation of surface hydroxyl groups on the 
minerals making them more exchangeable, followed by outer-sphere complex formation 
between humic carboxyl groups and the protonated surface hydroxyl groups, and a final 
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ligand exchange step (protonated hydroxyl groups for humic carboxyl groups) to yield a 
stable inner-sphere complex (111) (112). Murphy et al (1997) have investigated the stability 
of the postulated inner-sphere complexes, observing the desorption of the humic substances 
from kaolinite and hematite to be insignificant after 7 days, evidence for the formation of 
stable inner-sphere complexes between multiple carboxyl groups on the humic substance 
polyelectrolyte and surface hydroxyl sites on the sorbents (109). 
Another interaction of HA with mineral surface is possible and may be described by DLVO 
theory, based on van der Waal’s attractive interaction and electrical double layer repulsion 
(113). Stevenson (1994) also postulated sorption mechanisms such as hydrogen bonding and 
metal-bridge formation (114). 
 
Table 12: Percentage values of humic acid bound to bentonite. 
HA conc (ppm) Percentage of Humic Acid Adsorbed (%) 
pH 
5 6 7 8 9 
5 60.0 55.5 48.2 54.6 55.8 
10 79.3 75.7 66.7 65.8 61.5 
20 87.3 84.1 78.8 70.4 65.7 
50 91.3 88.0 81.7 68.9 65.1 
100 90.9 85.9 78.0 61.4 60.2 
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4.3 Effects of pH on Cadmium, Caesium, Nickel and Strontium Sorption to 
Humic Acid 
 
Humic substances are very complex by nature, their molecular structure is still unknown. 
Present knowledge indicates that they contain a backbone of aromatic rings linked by more 
flexible carbon chains with alcohol, amide, amine, carboxylic, carbonyl, phenol and quinone 
functional groups (115). Due to their molecular and functional heterogeneity, polydispersity, 
interaction between charged functional groups, as well as the three dimensional structure and 
configuration change of humic substances, their complexation with metals is very complex 
and exceeds that of complexation of metals with single ligands (115).  This makes it near 
impossible to describe the complexation of humic substances in simple terms, simple 
stoichiometries on mole:mole basis are near impossible. Therefore, to express the 
complexation of humic substances, the stoichiometry of the complexing sites with metals are 
employed. 
Conditional stability constants are used to describe the complexes formed by humic 
substances. There are a number of methods for obtaining conditional stability constants, the 
Schubert ion exchange equilibrium and the dialysis methods are the most used.  The Schubert 
method works on the principle of measuring the distribution of total metal between a cation 
exchange resin and solution phase, in the absence and presence of metal-complexing ligand 
(116) (103), and is employed in these studies. 
The Schubert method requires the following conditions to be valid (116): 
• The metal concentration must be negligible compared to the concentration of the 
complexing ligand such that the metal is the central group. 
• The ratio of free metal ion concentration to resin sites must be maintained at those 
observed on the linear portion of the metal resin ion-exchange isotherm. 
• Neither the complexing ligand nor the metal-ligand complex should bind to the resin. 
 
The strength of the metal binding with humic acid (HA) can be expressed by the conditional 
stability constant, β, defined as (105), 
   M(III) + HA                  M(III)(HA)   (6)  
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   𝛽 =  [𝑀(𝐼𝐼𝐼)𝐻𝐻][𝑀(𝐼𝐼𝐼)][𝐻𝐻]  /(𝑑𝑚3𝑠𝑒 )    (7) 
[HA] is the molar concentration of free ligands capable of binding with M(III), and is almost 
constant and equal to the total concentration of HA ligands, because the concentration of 
M(III) is very low compared with that of HA (105). The molar concentration of HA is 
operationally defined as the concentration of carboxylic groups of HA in eq dm-3. KdHA is 
related to β by the equation (105),  
𝐾𝑎𝐻𝐻 =  𝛽[𝐶𝐴] ∗  𝑉𝑊𝐻𝐻  
[HA] is the total (mineral-bound + dissolved) concentration of HA (eq dm-3) in suspension, 
and WHA is the total (mineral-bound + dissolved) mass of HA (kg) in V dm3 of suspension 
(105). 
 
4.3.1  Method 
5, 10, 20, 50, 75 and 100 ppm solutions of purified Aldrich humic acid were prepared in 0.1 
mol dm-3 NaClO4. Aliquots of each of the humic acid solutions were pH adjusted to 5, 6, 7, 8 
and 9. Blank solutions without humic acid were also prepared and pH adjusted. 
Na form 50WX8-200 exchange resin (20-50 mesh) from Sigma Aldrich was washed with 
deionised water and air dried. 0.1 g of the resin were weighed into polypropylene vials, 20 
cm3 of the solutions for each humic acid concentration and pH. 0.1 cm3 of carrier free 
strontium-85 solution were used to spike the solution such that the final concentration of 
strontium in each vial was 3.29 * 10-10 mol dm-3, the same was done for caesium-137 to bring 
the concentration of caesium in the vials to 3.10 * 10-8 mol dm-3. 
The final concentrations for the Cd and Ni solutions were 9.98 * 10-7 and 9.72 * 10-6 mol dm-3 
respectively, these solutions were not spiked with radioactive isotopes, the humic-bound 
metal concentration here were determined by ICP-MS. 
All the samples were prepared in triplicates and shaken on a mechanical shaker for 3 days, 2 
cm3 aliquots were then measured and counted for Cs-137 and Sr-85 activity. The 
concentration of humic-bound metal 𝐶𝑀𝐻𝐻 was then calculated from the relationship 
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𝐶𝑀
𝐻𝐻 =  𝐶𝑀𝑡𝑜𝑡𝐿𝐵 (1 − 𝐷𝐷𝑜)   (117) 
D and Do denote the solid-liquid distribution ratios of the metal in the presence and absence 
of humic acid respectively. 
The conditional stability constant β, was calculated for a hypothetical 1:1 stoichiometry using 
the equation 
𝛽 =  𝐶𝑀𝐻𝐻
𝐶𝑀𝐶𝐿
      (117) 
CL is the equilibrium concentration of free humic acid and can be obtained from the equation 
𝐶𝐿 =  𝐶𝐻𝐻𝑃𝐶𝐶 −  𝐶𝑀𝐻𝐻   (117) 
 
CHA is the concentration of humic acid (1 ppm HA = 4.9 * 10-6 eq dm-3 COOH acidity). 
 
PEC is the proton exchange capacity per unit mass. The value 5.6 meq g-1 has been used, it 
was taken from literature. Paulenova et al (2000) and Yang et al (2006) reported values of  
5.6 and 5.58 meq g-1 respectively (118) (119). 
 
4.3.2  Results and Discussion 
The Schubert ion-exchange equilibrium method can be inaccurate but is one the most 
commonly used for obtaining conditional stability constant. The constants obtained are 
empirical at best, and do not provide complete information on the mechanism of 
complexation. The inaccuracy in this case is inherent in the assumptions made on the nature 
of metal-humate stoichiometry (1:1), which ignores the formation of binary and ternary 
complexes formed with hydroxo-metal species at higher pH. 
The results for caesium are not presented here due to the inconsistent nature of the data 
obtained, Caesium has been reported to bind poorly with organic matter. At the pH range (5-
9) and the metal concentrations employed in this study, the metals exist mostly as Sr2+, Cd2+ 
and Ni2+, although, hydrolysed forms of Cd are present at pH > 7.5. 
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Figure 32: Strontium, Cadmium and Nickel Sorption to Humic Acid (5 ppm) 
 
 
Figure 33: Strontium, Cadmium and Nickel Sorption to Humic acid (50 ppm) 
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Figure 34: Strontium, Cadmium and Nickel Sorption to Humic Acid (100 ppm) 
 
Figures 32, 33 & 34 illustrate the binding behaviours of strontium, cadmium and nickel in 
three concentrations of humic acid (5, 50, 100 ppm) solutions. First it is pertinent to state the 
inconsistencies in some of the data as evidenced by the wide error bars in the charts, this is 
more significant especially at lower humic acid concentrations. The data become a lot more 
reliable at higher humic acid concentrations, and it becomes clear that the stability constant is 
relatively independent of the concentration of humic acid but changes with pH. 
Generally, the stability constant of metal ions with humic materials tend to increase with pH 
(120), the stoichiometry of the complexes formed are also often changing with pH. When this 
happens, it can be implied that the mechanism of complexation is pH dependent and direct 
comparisons of the constants becomes unideal (121). 
Cadmium stability constants increase almost linearly with increasing pH, the stability 
constants of strontium on the other hand decrease with increasing pH while those for nickel 
remain relatively unchanged within the experimental errors. The stability constants obtained 
here compare well to those reported in literature. At pH 5, the stability constant obtained for 
cadmium in this study was 3.14 ± 0.11, while a value of 3.13 ± 0.04 was reported by Baker 
and Kahalili (122). 3.41 ± 0.04 was obtained for strontium in this study, and 3.21 ± 0.15 
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reported by Samadfam et al (103). The stability constant obtained for Nickel in this study was 
3.10 ± 0.01, which is considerably higher than reported by Baker and Khalili (123), who 
reported a value of 2.37 ± 0.02. 
As pH increases, the chemical structure of humic acid changes, from a rod-like helical strand 
to a more open or extended configuration, resulting from greater deprotonation of humate 
polyanions that cause an increase in negative charge and consequently electrostatic repulsion 
of the negative charges (124) (123). This facilitates the formation of strongly bound metal-
humate (carboxylate and phenolate) complexes but also causes an increase in surface binding 
by humic acid on the resin. 
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4.4 Effect of pH and Ionic Strength on Sorption/Desorption of Cs and  
    Sr by Bentonite 
 
Metal binding by clay minerals occurs via complex processes. These processes involve 
different sorption mechanisms that are controlled by several interacting environmental 
factors, such as pH, ionic strength, organic matter content, and metal concentration (125). 
This set of experiments studied simultaneously the effect of pH and ionic strength on the 
sorption of caesium and strontium by bentonite using a quantitative approach. 
 
4.4.1  Method 
4.4.1.1  Adsorption 
(10-2, 10-4, 10-6, 10-8, 10-10 and 10-12) mol dm-3 solutions of CsNO3 and  Sr(NO3)2 were 
prepared in situ with 0.01, 0.05, 0.1 and 0.2 mol dm-3 NaClO4 backgound electrolyte solutions 
and buffered to pH 4 and 7 with 0.01 mol dm-3 2-(N-morpholino) ethanesulfonic acid (MES), 
and to pH 10 with 3-(cyclohexyl amino) ethanesulphonic acid (CHES). MES and CHES are 
non-complexing with metals (126). The pHs of these solutions were adjusted to 4, 7 and 10 
with negligible amount of HNO3 and NaOH such that the metal concentrations are not 
changed significantly. 
20 cm3 of these solutions were added to 1.0 g of pure bentonite clay in 50 cm3 polethylene 
vials and spiked with 0.1 cm3 carrier-free 137Cs (Ɣ-activity of 0.66MeV) and 85Sr (Ɣ-activity 
0.51 MeV) as appropriate. The samples were shaken with a vortex mixer and triplicates were 
shaken on a mechanical shaker at 100 rpm for 72 hours, after which they were centrifuged at 
6000 rpm for 30 min. The supernatants were decanted and filtered through 0.45 µm disk 
filters. 2 cm3 of these filtrates were measured and counted for gamma activity with a Packard 
Cobra II Auto Gamma counter. The distribution ratios were then calculated from the activites 
counted in the samples. 
Blank solutions without bentonite were also prepared and all the procedures repeated to 
account for the effects of wall sorption and filtration, both of which were insignificant. 
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4.4.1.2  Desorption 
After decantation, 20 cm3 of 0.01, 0.05, 0.1 and 0.2 mol dm-3 NaClO4 solutions at pH 4, 7 and 
10 were added to the loaded bentonite samples left in the polyethylene tubes. The bentonite 
was resuspended by shaking with a vortex mixer and the pH of the solutions adjusted 
appropriately. The samples were shaken on a mechanical shaker at the same rate and left for 
the 24 hours to equilibrate. The separation and measurement were the same as those used for 
adsorption. Desorption process was carried out twice and the values obtained for both 
measurements summed to yield the total desorbed. 
 
4.4.2  Results and Discussions 
The sorption of caesium and strontium to bentonite were best expressed by the Freundlich 
isotherm. The values of the Freundlich constants n and 𝐾𝐹𝐹  from the Ferundlich plots are 
provided in Table 13. They can be correlated with the capacity of a particular solid towards 
sorption under particular experimental conditions, however, since the Freundlich isotherm 
does not predict a maximum coverage for a given sorbent, it is hard to consider that 𝐾𝐹𝐹 
corresponds to maximum sorption capacity (127). However, the 𝐾𝐹𝐹 value can provide useful 
qualitative comparison for the fixation ability or affinity of a sorbent towards different 
sorbates (127). The Freundlich constant n, can have a value of 1 signifying linear sorption, 
the closer this value is to 1, this implies that no significant decrease in the affinity of the 
surface occurs when the initial concentration of the sorbate is increased (127).  
The n values for caesium and strontium for all the experimental conditions studied are close 
to unity, this shows that sorption of both cations to bentonite are linear.  
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4.4.2.1  Sorption of Caesium to Bentonite 
Generally, sorption of metal cations by clay minerals is enhanced at higher pH and 
suppressed at higher ionic strengths. At low pH’s, there is partial dissolution of clay mineral 
phases, thus reducing the amount of exchangeable cations available, there is also a net 
positive surface charge on the clay surface caused by protonation of the clay surface (128). At 
high ionic strengths, there is more competition for sorption sites between the different metal 
ions in solution, and the hydrolysis of the clay surface creates a net negative charge, 
increasing metal sorption (129).  
 
Figure 35: Sorption of Cs to bentonite at pH 4 
 
Figure 35 shows the sorption behaviour of caesium to bentonite at pH 4 with increasing 
background electrolyte concentrations. At all ionic strengths, there is saturation of sorption 
sites, this is evident from the reducing distribution ratio values, at higher ionic strengths, 
sorption is suppressed and saturation of the surface site is reached at lower concentration of  
bound caesium to bentonite. However, at lower ionic strengths (0.01M NaClO4), the 
saturation of sorption sites occurs at higher concentrations of bound caesium. This is evident 
from the longer range for which distribution ratios within ionic strengths are relatively 
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constant before they begin to drop. This effect reduces as ionic strength increases, saturation 
of sorption sites being more rapid. This is the reason for the overlapping trends.  
 
 
Figure 36: Sorption of Cs to bentonite at pH 7 
 
At higher pH 7 as shown by Figure 36, sorption of caesium increases for all ionic strengths, 
and saturation of sorption sites or sorption maxima is reached at greater concentrations of 
bound caesium. This is evident from the relatively constant distribution ratio values. At 
higher pH, the ionic strength effects are more predictable, as the trends broaden out. 
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Table 13: Freundlich fit parameters for Cs and Sr sorption to bentonite 
Sample 
 
Ionic Strength 
(mol dm-3) 
pH 
4 7 10 
n 𝑲𝑭𝑭 R2 n 𝑲𝑭𝑭 R2 n 𝑲𝑭𝑭 R2 
Cs-Bentonite 
0.01 0.970 75.45 0.9997 0.951 117.02 0.9986 0.934 120.83 0.9979 
0.05 0.950 46.53 0.9822 0.952 84.09 0.9995 0.884 27.17 0.999 
0.1 0.955 47.05 0.9877 0.973 101.00 0.9992 0.975 121.97 0.9994 
0.2 0.958 46.57 0.9844 0.981 83.01 0.9993 0.975 81.70 0.9997 
Sr-Bentonite 
0.01 0.974 60.37 0.998 0.91 54.97 0.9924 0.909 80.29 0.9885 
0.05 0.973 49.99 0.9986 0.95 48.0 0.9975 0.958 70.70 0.9977 
0.1 0.994 48.69 0.9996 0.97 24.40 0.9805 0.972 49.24 0.9989 
0.2 0.979 17.23 0.9972 0.99 34.45 0.9996 0.976 31.14 0.9996 
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Figure 37: Sorption of Cs to bentonite at pH 10 
 
Figure 37 shows further separation of the trend curves, sorption capacity or affinity of the 
bentonite is further increased. Distribution ratios within ionic strengths are more constant and 
the plateaus representing saturation are longer. 
Figures 38 and 39 illustrate the reduced effect of pH on the sorption of caesium to bentonite 
as caesium concentration increases, and provide further evidence for the saturation of sites 
available for sorption at high metal concentrations. 
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Figure 38: Ionic Strength effect on Cs sorption to bentonite (low Cs conc.) 
 
 
Figure 39: Ionic Strength effect on Cs sorption to bentonite (high Cs conc.) 
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4.4.2.2  Sorption of Strontium to Bentonite 
Strontium sorption onto bentonite at pH 4 as illustrated in Figure 40 is unsimilar to that for 
caesium. Although, sorption affinity of bentonite for strontium increased with decreasing 
ionic strength, the strong suppressing effect of sorption at high ionic strength was not 
exhibited. This might be due to the similarity in hydrated ionic radii (2.76 and 3.6 Å 
respectively) (Cho, 2009) and charge of Na+ and Cs+, which makes them more exchangeable, 
the hydrated ionic radius of Sr2+ being 4.12 Å (Cho, 2009) and its higher charge make it less 
exchangeable than the caesium ion. Distribution ratio values within ionic strengths are more 
constant and saturation does not occur as rapidly as with caesium as metal loading increases. 
 
 
Figure 40: Sorption of Sr to bentonite at pH 4 
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Figure 41: Sorption of Sr to bentonite at pH 7 
 
Figure 41 illustrates the sorption of strontium to bentonite at pH 7, sorption affinity for 
strontium by bentonite increases with pH, evident from the sharp increase in distribution 
ratios. Affinity increases with decreasing ionic strength.   
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Figure 42: Sorption of Sr to bentonite at pH 10 
 
Similar to strontium sorption at pH 7, sorption at pH 10 illustrated by Figure 42 shows a 
sharp increase in sorption affinity with increase in pH. This trend is sharper than that 
observed for caesium sorption at high pH, this can be attributed to hydrolytic adsorption due 
to the reaction between Sr(OH)+ and OH- groups produced at these pHs which coat onto the 
clay surface (129). 
 
Similar as with caesium, Figures 43 and 44 illustrate the reduced effect of pH on the sorption 
of strontium to bentonite as the metal’s concentration increases, and provide further evidence 
for the saturation of sites available for sorption at high metal concentrations. 
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Figure 43: Ionic Strength effect on Sr sorption to bentonite (low Sr conc.) 
 
 
Figure 44: Ionic Strength effect on Sr sorption to bentonite (high Sr conc.) 
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4.4.2.3 Desorption of Caesium from Bentonite 
 
Figure 45: Desorption of caesium from bentonite at pH 4 
Figure 45 describes desorption of strontium form bentonite at pH 4, using solutions of 
varying ionic strengths. It is evident that ionic strength has little effect on desorption, as the 
percentage desorption values were close for all ionic strengths, there is however slight 
increase in desorption with increasing ionic strength. Caesium desorption also does not vary 
much with increasing initial caesium concentration or loading, this can be attributed to the 
saturation of sorption sites during the adsorption process. 
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Figure 46: Desorption of caesium from bentonite at pH 7 
 
 
Figure 47: Desorption of caesium from bentonite at pH 10 
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Figures 45, 46 and 47 illustrate desorption of caesium from bentonite at pH 4, 7, and 10 
respectively. All three plots are almost super-imposable, indicating the minimal effect of pH 
and ionic strength on desorption of caesium from bentonite. This can be attributed to the 
saturation of sorption sites during the adsorption process. There is however a slight increase 
in desorption with increasing ionic strength, as well as and an apparent decrease with 
increasing pH, although the magnitude of this decrease is minimal and considering 
experimental errors, might be even more so. 
 
4.4.2.4  Desorption of Strontium from Bentonite 
 
Figure 48: Desorption of strontium from bentonite at pH 4 
Desorption of strontium from bentonite at pH 4 using solutions of varying ionic strengths is 
illustrated in Figure 48. It is clear that strontium desorption is dependent on ionic strength, 
although distribution ratios within ionic strengths are relatively constant; it clearly differs 
from that for caesium. Desorption of strontium increases with increasing ionic strength, this 
implies that the sorption strength or binding strength of strontium with bentonite is weak, and 
strontium is easily exchanged with metal cations (Na+) in the electrolyte solutions.  
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Figure 49: Desorption of strontium from bentonite at pH 7 
 
Figure 50: Desorption of strontium from bentonite at pH 10 
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Figure 49 illustrates desorption at pH 7 of strontium from bentonite, there is evidently a 
decrease in desorption percentages with increasing pH. Distribution ratios remain constant 
within ionic strengths, evidence of adsorption saturation across pHs. Strontium desorption 
therefore, unlike caesium desorption is very strongly dependent on pH and ionic strength. 
The reason for this is found in their different hydration energies. While caesium belongs to a 
group of cations with low hydration energy, such as K+, NH4+, and Rb+, strontium belongs to 
the group with higher hydration energy such Ca2+ and Mg2+ (131). Cations with low 
hydration energy produce interlayer dehydration and layer collapse and are therefore fixed in 
interlayer positions (131) (132). Conversely, cations with high hydration energy produce 
expanded interlayers and are not fixed (131).  
Ion exchange occurs ions according to the Gedroits lyotropic series (133): 
 
Fe3+  >  Al3+  >  Cs+  >  Sr2+  >  Ca2+  >  Mg2+  > Rb+  >  K+  >  Na+  >  Li+ . 
 
The lyotropic series lists the common soil cations in order of their strength of bonding to the 
cation exchange surface. Ionic charge and size are the most important factors in determing an 
ion's position in the lyotropic series (133). The ionic potential is the ratio of the charge and 
radius of the hydrated ion. Caesium is thus much more strongly fixed on soils and clay 
minerals than strontium, despite its smaller smaller ion charge.  
 
A further decrease in desorption ratios is evident from Figure 50, describing desorption at pH 
10. Distribution ratios however, remain almost constant within ionic strengths. 
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4.5  Effects of pH on Cd, Ni, Cs & Sr Sorption to Kaolinite 
4.5.1  Method 
4.5.1.1  Adsorption 
(10-2, 10-4, 10-6, 10-8, 10-10 and 10-12) mol dm-3 solutions of Cd(NO3)2, Ni(NO3)2, CsNO3 and  
Sr(NO3)2 were prepared in situ with 0.1 mol dm-3 NaClO4 backgound electrolyte solutions  
and buffered to pH 4 and 7 with 0.01 mol dm-3 2-(N-morpholino) ethanesulfonic acid (MES), 
and to pH 10 with 3-(cyclohexyl amino) ethanesulphonic acid (CHES). MES and CHES are 
non-complexing with metals (126). The pHs of these solutions were adjusted to 4, 7 and 10 
with negligible amount of HNO3 and NaOH such that the metal concentrations are not 
changed significantly. Cadmium and nickel precipitate out of solution at pH and were not 
included in the experiments. 
20 cm3 of these solutions were added to 0.1 g of pure kaolinite clay in 50 cm3 polyethylene 
centrifuge tubes and spiked with 0.1 cm3 carrier-free 109Cd, 63Ni, 137Cs (Ɣ-activity of 0.66 
MeV) and 85Sr (Ɣ-activity 0.51 MeV) as appropriate. The samples were shaken with a vortex 
mixer and triplicates were shaken on a mechanical shaker at 100 rpm for 72 hours, after 
which they were centrifuged at 6000 rpm for 30 min. The supernatants were decanted and 
filtered through 0.45 µm disk filters. 2 cm3 of these filtrates were measured and counted for 
gamma activity with a Packard Cobra II Auto Gamma counter. The distribution ratios were 
then calculated from the activites counted in the samples. Ni activity was counted on a 
Packard Tri-Carb 1900TR Liquid Scintiallation Analyzer after addition of liquid scintillation 
cocktail. 
Blank solutions without kaolinite were also prepared and all the procedures repeated to 
account for the effects of wall sorption and filtration, both of which were insignificant. 
 
4.5.1.2  Desorption 
After decantation, 20 cm3 of 0.1 mol dm-3 NaClO4 solutions at pH 4, 7 and 10 were added to 
the loaded kaolinite samples left in the polyethylene tubes. The kaolinite was resuspended by 
shaking with a vortex mixer and the pH of the solutions adjusted appropriately. The samples 
were shaken on a mechanical shaker at the same rate and left the 24 hours to equilibrate. The 
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separation and measurement were the same as those used for adsorption. Desorption process 
was carried out twice and the values obtained for both measurements summed to yield the 
total desorbed. 
 
4.5.2   Results and Discussions 
4.5.2.1  Sorption of Cadmium to Kaolinite 
Figure 51 and Table 14 illustrate the effects of pH and cadmium concentration on the 
adsorption of cadmium to kaolinite. It shows that increasing pH enhances the sorption of 
cadmium to kaolinite. At lower pH, sorption is greatly inhibited, this is attributed to 
protonation of the sorption sites available on the kaolinite surface. Maximum sorption at pH 4 
was less than 10 %, and saturation is attained at about 1.55 * 10-8 moles g-1 of bound 
cadmium. At higher pH, sorption increases with decreasing initial cadmium concentration but 
shows no plateau, this suggests that at pH 7, the maximum sorption capacity of kaolinite for 
cadmium is less than the 1.62 * 10-13 moles g-1.  
 
 
Figure 51: Effect of pH on Cd sorption to kaolinite 
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Table 14: Data for Cadmium sorption to Kaolinite 
 
Initial conc 
 (mol dm-3) 
pH 
4 7 
Bound (moles g-1) Rd (ml g-1) % Bound Bound (moles g-1) Rd (ml g-1) % Bound 1.00E-02 8.38E-05 8.91 4.42 1.04E-04 10.98 5.47 1.00E-04 1.79E-06 19.81 9.25 5.17E-06 70.73 26.93 1.00E-06 1.42E-08 15.32 7.42 1.20E-07 312.88 61.64 1.00E-08 1.55E-10 16.91 8.04 1.39E-09 490.84 71.69 1.00E-10 1.08E-12 11.40 5.58 1.58E-11 820.79 80.70 1.00E-12 1.08E-14 11.46 4.17 1.62E-13 954.35 83.01 
 
4.5.2.2  Sorption of Nickel to Kaolinite 
From Figure 52 and Table 15, the effects of pH and initial concentration on nickel sorption to 
kaolinite can be understood. At lower pH, sorption is suppressed as expected. It is however 
interesting to note the flatness of the sorption curve across the concentration range studied at 
pH 4.  
 
Figure 52: Effect of pH on Nickel sorption to kaolinite 
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After protonation and sorption of the background cation (Na+), only a finite amount of 
sorption sites are available but sorption remains consistent across the concentration range 
studied suggesting that sorption is not a monolayer one.  Comparing the sorption data for 
cadmium and nickel at pH 4, it is evident that kaolinite has a higher sorption affinity for 
nickel. At pH 7, sorption increases expectedly, but maximum is reached at about 1.52 * 10-7 
mol dm-3, this is significantly higher than that for cadmium, confirming the higher affinity of 
kaolinite sorption to nickel than for cadmium. 
 
Table 15: Data for Nickel sorption to Kaolinite 
 
Initial conc (mol 
dm-3) 
pH 
4 7 
Bound (moles 
g-1) 
Rd (ml g-
1) 
% 
Bound 
Bound (moles 
g-1) 
Rd (ml g-
1) 
% 
Bound 1.00E-02 9.46E-04 185.64 49.01 9.80E-04 196.56 50.16 1.00E-04 9.58E-06 192.70 50.31 1.15E-05 280.31 59.09 1.00E-06 9.63E-08 195.20 50.68 1.52E-07 728.22 79.09 1.00E-08 9.59E-10 190.78 49.72 1.60E-09 856.62 81.33 1.00E-10 9.78E-12 196.17 50.12 1.52E-11 768.84 80.05 1.00E-12 9.69E-14 192.59 49.67 1.54E-13 816.75 81.12 
 
4.5.2.3  Sorption of Caesium to Kaolinite 
In Figure 53 and Table 16, the pH effect of caesium sorption to kaolinite is presented. It is 
evident that pH has no significant effect on the sorption behaviour, and the affinity of 
kaolinte sorption of caesium is higher than that for cadmium but lower than that for nickel. 
The maximum sorption at pH 10 is about 9.22 * 10-12 moles g-1.  
 
4.5.2.4  Sorption of Strontium to Kaolinite 
Figure 54 and Table 17 show results for experiments conducted on the effect of pH on 
strontium sorption to kaolinite. Sorption is low across all pHs but increases with increasing 
pH. Kaolinite displays very low affinity to strontium, the lowest of all the metals studied, 
maximum sorption at pH 10 occurred at about 7.00 * 10-14 moles g-1. 
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Figure 53: Effect of pH on Cs Sorption to Kaolinite 
 
 
Figure 54: Effect of pH on Sr sorption to Kaolinite 
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Table 16: Data for Caesium sorption to kaolinite 
 
Initial conc 
(mol dm-3) 
pH 
4 7 10 
Bound 
(moles g-1) Rd (ml g
-1) % Bound Bound (moles g-1) Rd (ml g
-1) % Bound Bound (moles g-1) Rd (ml g
-1) % Bound 1.00E-02 1.63E-04 17.79 8.47 1.40E-04 15.16 7.20 1.84E-04 20.60 9.47 1.00E-04 3.24E-06 39.13 16.83 3.61E-06 44.33 18.49 3.44E-06 42.29 17.59 1.00E-06 5.01E-08 68.27 26.28 5.62E-08 79.64 29.45 5.62E-08 79.34 29.07 1.00E-08 8.30E-10 143.05 41.86 8.89E-10 161.77 45.03 8.13E-10 143.98 43.46 1.00E-10 8.82E-12 163.18 45.91 8.51E-12 151.26 43.66 9.22E-12 177.39 47.70 1.00E-12 8.83E-14 165.97 46.81 8.39E-14 150.31 43.97 8.92E-14 165.39 46.03 
 
Table 17: Data for Strontium sorption to Kaolinite 
 
Initial conc 
(mol dm-3) 
pH 
4 7 10 
Bound 
(moles g-1) Rd (ml g
-1) % Bound Bound (moles g-1) Rd (ml g
-1) % Bound Bound (moles g-1) Rd (ml g
-1) % Bound 1.00E-02 1.11E-04 11.74 5.77 1.34E-04 14.39 6.90 1.42E-04 15.40 7.42 1.00E-04 1.75E-06 19.26 9.04 2.74E-06 32.05 14.16 3.73E-06 46.17 19.15 1.00E-06 2.05E-08 23.00 10.53 4.28E-08 56.79 22.34 5.86E-08 83.88 30.18 1.00E-08 2.29E-10 26.06 11.83 4.52E-10 59.10 23.44 6.40E-10 95.97 33.28 1.00E-10 1.70E-12 23.67 10.93 4.45E-12 58.01 23.12 6.35E-12 94.59 32.81 1.00E-12 1.98E-14 22.06 10.10 4.39E-14 56.77 22.50 7.00E-14 109.74 35.94 
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Figure 55: Sorption of metals to kaolinite at pH 4 
 
 
Figure 56: Sorption of metals to kaolinite at pH 7 
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Figures 55, 56 and 57 present the comparisons of sorption of cadmium, nickel, caesium and 
strontium to kaolinite at pHs 4, 7 and 10. The Figures show the affinity of kaolinite for the 
metals studied, kaolinite displays the strongest affinity for nickel and the lowest affinity for 
strontium. It is interesting to note the effect of pH on the sorption on cadmium, at pH 4, 
cadmium sorption to kaolinite is the lowest for all the metals, but increases sharply at pH 7 
such that only nickel exhibits a higher sorption to kaolinite. 
 
 
Figure 57: Sorption of Cs & Sr to Kaolinite at pH 10 
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4.5.2.5   Effects of pH on desorption of Cadmium from Kaolinite 
From Figure 58, the effects of pH on the desorption of cadmium from kaolinite can be 
understood. Generally, it is evident that cadmium does not bind strongly to kaolinite. 
Desorption is higher at lower pH, this is expected because acidic conditions suppress sorption 
due to the greater availability of protons. The amount desorbed decreases as the initial 
amount of cadmium adsorbed increases, suggesting a redistribution of the cadmium ions 
between solid and liquid phases. 
 
 
Figure 58: Desorption of Cd from kaolinite 
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4.5.2.6  Effects of pH on desorption of Nickel from Kaolinite 
Figure 59 illustrates the desorption behaviour of nickel from kaolinite at pHs 4 and 7. 
Desorption percentages are low at both pHs, this confirms the stronger affinity of kaolinite 
for nickel as compared to cadmium. As expected, desorption values are greater at pH 4, as 
sorption is enhanced at higher pH. 
 
 
Figure 59: Effects of pH on Nickel desorption from Kaolinite 
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4.5.2.7  Effects of pH on desorption of Caesium from Kaolinite 
In Figure 60, the effect of pH on caesium desorption from kaolinite is presented. It is evident 
that pH does not play a significant role on desorption of caesium from kaolinite, just as it 
does not affect sorption. Desorption values at pHs 4, 7 and 10, are very similar. Generally, 
caesium is not very strongly bound to kaolinite, desorption values ranging from 26 – 62 %, 
the lowest values were obtained at higher concentrations of initial bound caesium. 
 
 
Figure 60: Effects of pH on Caesium desorption from Kaolinite 
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4.5.2.8  Effects of pH on Strontium desorption from Kaolinite 
The effect of pH on desorption of strontium from kaolinite is shown in Figure 61. Strontium 
does not bind strongly to kaolinite, but its sorption is strongly pH dependent, increasing with 
pH. It is therefore unexpected to observe that the highest desorption values were obtained at 
higher pH, this might be attributed to the initial low sorption values obtained under acidic 
conditions such that there is simply not enough strontium adsorbed on the kaolinite surface 
for desorption.  
 
 
Figure 61: Effects of pH on Strontium desorption from Kaolinite 
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4.6 Conclusions 
The sorption of dissolved organic matter to clay minerals is very dependent on pH; this 
dependence is greater with increasing concentration of organic matter.  Protonated surface 
hydroxyl groups formed in acidic conditions increase the sorption affinity of bentonite for 
humic acid by formation of outer sphere complexes between humic carboxyl groups and 
these protonated surfaces which is then succeeded by ligand exchange of protonated hydroxyl 
groups for humic carboxyl groups yielding stable inner sphere complexes (111) (112).  Under 
alkaline conditions, the maximum sorption capacity is quickly attained due to electrostatic 
repulsion of negatively charged clay mineral surfaces and the many acidic groups present in 
humic acid. This maximum sorption capacity is reached with an initial humic acid 
concentration of 50 ppm for pH 7-9 and 20 ppm for pH 5-6. 
The formation of metal-humate complexes is dependent on the nature of the metal and pH, 
with their stability constants tending to increase with pH increase (120). Caesium exhibits no 
discernible sorption to humic acid, cadmium sorption is enhanced by increasing alkalinity but 
this enhancement is slightly reduced with in higher concentrations of humic acid, nickel 
sorption is mostly unaffected by pH except in higher concentrations of humic acid and 
enhanced only under very low concentrations of humic acid, while strontium sorption to 
humic acid is reduced with increasing alkalinity. The nature and preference of humic acid 
sorption for these metals are vital to understanding the role played by humic acid in the 
ternary sorption studies of metals, humic acid and clay minerals. 
The effect of strongly acidic conditions on sorption of metals to clay minerals is 
overwhelming and can completely dominate other factors affecting sorption such as ionic 
strength. Caesium sorption to bentonite at pH 4 is poor and almost unaffected by ionic 
strength of the electrolyte solution; saturation of sorption sites is reached with low amounts of 
adsorbed caesium. Strontium also binds poorly to bentonite at pH 4, more so than caesium, 
but ionic strength effect on sorption still exists and is discernible even under these conditions. 
Increasing alkalinity has the expected effect of increasing sorption capacity of bentonite for 
both metals. Caesium sorption is more irreversible because of the small size and its low 
hydration energy that produces interlayer dehydration and layer collapse that ensure that 
caesium ions are therefore fixed in interlayer positions. 
Cadmium and nickel precipitate out of solution at pH 10, they both possess better sorption 
affinity for kaolinite than caesium and strontium. Increasing alkalinity improves the sorption 
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of all the cadmium, nickel and strontium but has no effect on caesium sorption to kaolinite. 
Nickel has the greatest affinity for kaolinite under acidic conditions (pH 4), while cadmium 
has the least but cadmium sorption is the most pH dependent as its sorption is markedly 
improved under neutral conditions (pH 7). Cadmium is poorly retained by kaolinite in acidic 
conditions but retention improves with increasing alkalinity, nickel on the other hand is very 
well retained in acidic and neutral conditions. Caesium is well retained and unaffected by pH 
while strontium is best retained in acidic conditions. 
This study more than any other has covered an extensive range of environmental conditions 
(covering a wide range of pHs, metal concentrations, and ionic strengths) and that have 
yielded a large pool of distribution ratio values to add to what is already available. The study 
has also unlike many others collected data on the desorption behaviour of metal-clay systems 
in a wide range of environmental conditions, these have yielded new and detailed information 
on the reversibility of metal sorption to these clay minerals for all the conditions studied. 
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Chapter 5 
 
 
Ternary Sorption Systems 
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5.0  Ternary Sorption Systems 
The presence of organic matter such as humic substances in soils complicates the 
predictability of fate and transport of toxic metal ions or radionuclides in the environment. 
Humic substances are not stoichiometric chemical species, but rather macromolecular 
colloidal phases (134). Humic substances (HS) carry a large number of functional groups that 
bind strongly with both dissolved metal ions in solution and functional groups at adsorbent 
surfaces (135). It is generally considered that HS influence metal adsorption on mineral and 
oxide surfaces by enhancing adsorption at low pH and suppressing, adsorption at high pH 
(136) when compared to a system without HS. As depicted in Figure 62, the increase can be 
explained by the sorption of humic substances onto the mineral surface followed by 
complexation of metal ion with surface sorbed HS, whereas the decrease is explained by the 
formation of HS-metal complexes, which stabilize the metal ion in aqueous solution (137). 
However, the influence of humic substances on the adsorption mechanisms of different metal 
ions in aqueous systems differs from metal ion to metal ion (138).  
 
 
Figure 62: Schematic: Humic Acid (HA) & Metal (M) interaction with Adsorbent Surface (S) 
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This chapter investigates: 
• The effect of pH and humic acid concentration on caesium and strontium 
sorption/desorption behaviour with bentonite. 
• The effect of pH and humic acid concentration on cadmium, caesium, nickel and 
strontium sorption to kaolinite. 
 
5.1  Effect of pH and Humic Acid on Adsorption/Desorption of  
  Cs and Sr by Bentonite 
5.1.1  Experimental Method 
5.1.1.1  Adsorption 
20, 40, 100, and 200 ppm solutions of the purified humic acid (HA) were prepared in situ 
with MES and CHES buffered 0.1 mol dm-3 NaClO4. Aliquots of the MES buffered HA acid 
solutions were adjusted to pH 5, 6 and 7, and CHES buffered solutions adjusted to 8 and 9 
with HNO3 and NaOH such that the concentration of HA is not significantly changed. 0.1 g 
of the bentonite clay were weighed into 50 cm3 polyethylene centrifuge tubes, 10 cm3 of each 
of the pH adjusted HA solutions were added to the tube, and allowed to equilibrate for two 
days by shaking at 100 rpm on a mechanical shaker.  
Next, 0.0002 mol dm-3 solutions of CsNO3 and Sr(NO3)2 were prepared in situ with 0.1 mol 
dm-3 NaClO4. 10 cm-3 of these solutions were added to the equilibrated bentonite and humic 
acid mixtue, such that the final CsNO3 and Sr(NO3)2 concentrations were 0.0001 mol dm-3, 
and final HA concentrations were 10, 20, 50 and 100 ppm.  
20 cm3 of MES and CHES buffered 0.0001 mol dm-3 CsNO3 and Sr(NO3)2  in 0.1 mol dm-3 
NaClO4 solutions were also added to 0.1 g of bentonite, no HA was added. All the solutions 
were prepared in triplicates, and left to shake for a day. The pHs were measured and adjusted 
as appropriate, before shaking for three more days. 
After shaking, the samples were centrifuged at 6000 rpm for 20 minutes and the supernatants 
filtered through 0.22 µm disk filters. These filtrates were acidified to 0.5 % HNO3 and the 
caesium and strontium concentrations measured on a Thermo Scientific iCAP 6000 series 
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ICP-OES spectrometer coupled to a CETAC ASX-520 Autosampler. The distribution ratios 
were then calculated from the concentrations measured. 
The amount of humic acid adsorbed onto the bentonite surfaces were also calculated by 
measuring the UV absorbance of filtered solutions. The UV absorbances of humic acid 
standard solutions (10, 20, 50 and 100 ppm) were measured at a wavelength of 254 nm. 
Humic acid absorbance is significantly affected by the pH of measurement and deviates from 
linearity above 60 ppm concentration, as such, for calibration measurements standard 
solutions were adjusted to pH 5, 6, 7, 8, & 9 and calibration graphs plotted at each of the pHs. 
Solutions with greater than 60 ppm humic acid concentration were diluted 10 fold before 
measurement, and the amount of humic acid adsorbed calculated from the calibration curve 
of the appropriate pH.  
 
5.1.1.2  Desorption 
After decantation, 20 cm3 of, 0.1 NaClO4 solutions at pH 5, 6, 7, 8 and 9 were added to the 
loaded bentonite samples left in the polyethylene tubes. The bentonite was resuspended by 
shaking with a vortex mixer and the pH of the solutions adjusted appropriately. The samples 
were shaken on a mechanical shaker at the same rate and left for the 3 days to equilibrate. 
The separation and measurement were the same as those used for adsorption.  
 
5.1.2  Results and Discussions 
5.1.2.1  Adsorption 
Figure 63 illustrates the influence of humic acid concentrations on caesium sorption to 
bentonite at varying pH, the trend suggests that increasing pH and humic acid concentration 
suppresses the adsorption of caesium to bentonite. Maguire et al (1992) have reported similar 
behaviour for caesium sorption with bentonite in the presence of organic matter and 
suggested that organic compounds bound to clay surfaces block the access of caesium to 
specific sorption sites (Maguire, 1992).  
Figure 64 illustrates the influence of humic acid concentrations on strontium sorption to 
bentonite at varying pH, unlike with caesium, increasing pH and humic acid concentrations 
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enhance the sorption of strontium onto bentonite. The enhancing effect of humic acid 
however, appears to be less significant at lower pH.  
 
 
Figure 63: pH and HA concentration effects on adsorption of caesium to bentonite 
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Figure 64: pH and HA concentration effects on strontium sorption to bentonite 
 
 
Figure 65: HA and pH effect on caesium sorption to bentonite 
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Figure 66: HA and pH effects on strontium sorption to bentonite 
 
Figures 65 and 66 also illustrate the adsorption behaviour of caesium and strontium to 
bentonite under varying pH and humic acid concentrations. Although more caesium is bound 
to bentonite than strontium, the presence of humic acid while suppressing caesium sorption 
greatly enhanced the sorption of strontium. Also, increasing pH suppresses caesium sorption 
but enhances strontium sorption.  However, at higher humic acid concentrations, the 
suppression and enhancement appear to reach their maximum. 
In fact, at higher humic acid concentrations of 250 and 500 ppm (these concentrations were 
not included because complete dissolution of humic acid was not achieved), the enhancement 
of strontium sorption onto bentonite ceases, and is clearly replaced by a suppressing effect 
that is evident from Figure 68. Figure 67 presents the sorption of caesium to bentonite under 
the same conditions of higher humic acid concentrations (250 and 500 ppm) and, and shows 
no significant change in amounts of caesium adsorbed. 
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Figure 67: Ceasium sorption to bentonite at higher humic acid concentration 
 
 
Figure 68: Suppression of Strontium sorption at higher Humic Acid concentrations 
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5.1.2.2  Desorption 
Figures 69 and 70 show the percentages of caesium and strontium desorbed from loaded 
bentonite samples at different pHs and initial humic acid concentrations. It is firstly clear that 
caesium is more irreversibly adsorbed than strontium under all conditions. Caesium 
desorption is enhanced by increasing pH and HA concentration, while on the other hand, 
strontium desorption is suppressed by increasing pH and HA concentration. 
 
The adsorption and desorption percentages of caesium and strontium sorption to bentonite 
under the different pH and HA concentration conditions investigated are presented in Table 
18. 
 
 
Figure 69: pH and initial HA concentration effects on caesium desorption from bentonite 
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Figure 70: pH and initial HA concentration effects on strontium desorption from bentonite 
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Table 18: Percentages of caesium and strontium adsorbed and desorbed 
Cation 
Humic Acid 
Concentration 
(ppm) 
pH 
5 6 7 8 9 
% 
Adsorbed 
% 
Desorbed 
% 
Adsorbed 
% 
Desorbed 
% 
Adsorbed 
% 
Desorbed 
% 
Adsorbed 
% 
Desorbed 
% 
Adsorbed 
% 
Desorbed 
Caesium 
0 52.18 0 50.26 4.81 50.18 8.47 44.63 11.04 44.46 17.65 
10 44.76 1.97 46.38 6.12 41.23 11.14 44.12 12.99 40.73 13.52 
20 48.00 2.72 60.24 3.56 45.19 12.61 41.83 12.25 39.56 16.23 
50 45.35 2.68 43.71 10.01 41.20 8.56 38.29 15.13 36.91 15.94 
100 41.60 6.09 43.03 10.89 42.30 12.50 36.80 16.24 37.63 15.58 
Strontium 
0 12.97 100.00 14.97 84.47 16.21 72.35 14.51 92.29 15.53 86.00 
10 20.49 86.32 19.55 94.13 20.30 84.33 24.13 78.26 25.95 77.19 
20 19.62 85.44 20.49 72.84 20.84 65.13 24.06 62.82 27.10 62.58 
50 21.35 72.41 22.17 70.65 23.25 61.95 26.12 57.79 27.6 53.72 
100 21.47 72.7 22.40 68.39 23.47 60.67 26.30 62.40 29.83 67.65 
 
154 
 
5.2  Humic Acid and pH Effect on Sorption of Metals to Kaolinite  
This set of experiments aimed to study the influence of humic acid concentration and pH on 
the adsorption and desorption of cadmium, nickel, caesium and strontium onto kaolinite. 
 
5.2.1  Method 
5.2.1.1  Adsorption 
10, 20, 40, 100, and 200 ppm solutions of the purified humic acid (HA) were prepared in situ 
with MES and CHES buffered 0.1 mol dm-3 NaClO4. Aliquots of the MES buffered HA acid 
solutions were adjusted to pH 5, 6 and 7, and CHES buffered solutions adjusted to 8 and 9 
with HNO3 and NaOH such that the concentration of HA is not significantly changed. 0.1 g 
of the kaolinite clay were weighed into 50 cm3 polyethylene centrifuge tubes, 10 cm3 of each 
of the pH adjusted HA solutions were added to the tube, and allowed to equilibrate for two 
days by shaking at 100 rpm on a mechanical shaker.  
Next, 2 × 10-4 mol dm-3 solutions of Cd(NO3)2, Ni(NO3)2, CsNO3 and Sr(NO3)2 were 
prepared in situ with 0.1 mol dm-3 NaClO4. 10 cm-3 of these solutions were added to the 
equilibrated kaolinite and humic acid mixtue, such that the final CsNO3 and Sr(NO3)2 
concentrations were 1 × 10-4 mol dm-3, and final HA concentrations were 5, 10, 20, 50 and 
100 ppm.  
20 cm3 of MES and CHES buffered 1 × 10-4 mol dm-3 Cd(NO3)2, Ni(NO3)2, CsNO3 and 
Sr(NO3)2  in 0.1 mol dm-3 NaClO4 solutions were also added to 0.1 g of kaolinite, no HA was 
added. All the solutions were prepared in triplicates, and left to shake for a day. The pHs 
were measured and adjusted as appropriate, before shaking for three more days. 
All the solutions except the blank solutions were spiked with negligible metal concentrations 
of the corresponding radionuclide (109Cd, 63Ni, 137Cs and 85Sr) such that the final metal 
concentrations are not significantly altered. The pHs were measured and adjusted where 
required. 
After shaking, the samples were centrifuged at 6000 rpm for 20 minutes and 2 cm-3 of the 
supernatants were filtered through 0.22 µm disk filters. The cadmium, caesium and strontium 
samples were counted on a Packard Cobra II Auto Gamma counter. Ni activity was counted 
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on a Packard Tri-Carb 1900TR Liquid Scintiallation Analyzer after addition of liquid 
scintillation cocktail. Quench correction curves were prepared for 63Ni in the presence of 
varying concentrations humic acid (5 – 100 ppm) in 0.1 mol dm-3 NaClO4.  
The amount of humic acid adsorbed onto the kaolinite surfaces were also calculated by 
measuring the UV absorbance of filtered solutions. The UV absorbances of humic acid 
standard solutions (5, 10, 20, 50 and 100 ppm) were measured at a wavelength of 254 nm. 
Humic acid absorbance is significantly affected by the pH of measurement and deviates from 
linearity above 60 ppm concentration, as such, for calibration measurements standard 
solutions were adjusted to pH 5, 6, 7, 8, & 9 and calibration graphs plotted at each of the pHs. 
Solutions with greater than 60 ppm humic acid concentration were diluted 10 fold before 
measurement, and the amount of humic acid adsorbed calculated from the calibration curve 
of the appropriate pH.  
 
5.2.1.2  Desorption 
After decantation, 20 cm3 of, 0.1 NaClO4 solutions at pH 5, 6, 7, 8 and 9 were added to the 
loaded kaolinite samples left in the polyethylene tubes. The kaolinite was resuspended by 
shaking with a vortex mixer and the pH of the solutions adjusted appropriately. The samples 
were shaken on a mechanical shaker at the same rate and left for the 3 days to equilibrate. 
The separation and measurement were the same as those used for adsorption.  
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5.2.2  Results and Discussions 
This section presents the results for the study on the influence of humic acid concentration 
and pH on the adsorption and desorption of cadmium, nickel, caesium and strontium onto and 
from kaolinite. The Figures are presented in normal and logarithmic scale to provide a fuller 
understanding of the results. 
 
5.2.2.1  Effects of pH and HA concentration on Cadmium sorption to Kaolinite 
Figures 71, 72 and 73 illustrate the effects of pH and humic acid concentration on the 
sorption of cadmium to kaolinite. They show that cadmium sorption increases with increasing 
pH, this increase is gradual from pH 5 to 8, and increases sharply at pH 9. The effect of 
humic acid is more dynamic, playing both an enhancing and suppressing role. 
 
 
Figure 71: HA and pH effects on Cadmium sorption to Kaolinite (pH on x-axis) 
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Figure 72: HA and pH effects of Cadmium sorption to Kaolinite (logarithmic scale) 
 
 
Figure 73: HA and pH effects on Cadmium sorption to Kaolinite (HA conc. on x-axis) 
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Humic acid plays an enhancing role from 5 to 50 ppm concentrations and a suppressing role 
at 100 ppm. At pH 9, the highest sorption value was obtained for 5 ppm HA, sorption then 
reduces with increasing humic acid concentration but was still higher than in the absence of 
humic acid. However, at 100 ppm humic acid concentration, sorption is suppressed such that 
more cadmium was adsorbed in the absence of any humic acid. This shows that there is an 
optimal humic acid concentration at which sorption is enhanced, after which sorption 
suppression begins. There are two possible reasons for this; first, it could be as a result of 
humic acid colloids blocking access of cadmium ions to the sorption sites on the kaolinite 
surface. Another reason for this might be the formation of soluble complexes between humic 
acid and cadmium ions or complexation with humic acid colloids; therefore, increasing 
humic acid concentration would reduce the amount of cadmium ions available for sorption to 
kaolinite. 
 
5.2.2.2  Effects of pH and HA concentration on Nickel sorption to Kaolinite 
Figures 74, 75 and 76 depict the effects of pH and humic acid concentration on nickel 
sorption to kaolinite. The sorption curves of nickel and cadmium to kaolinite in the presence 
of humic acid show very similar trends. However, nickel exhibits stronger affinity for 
kaolinte, as evident from the larger Rd values. As with cadmium, pH effects on nickel 
sorption are minimal from pH 5 till 8, and increase sharply at pH 9. Also like cadmium, 
humic acid plays both an enhancing and suppressing role on sorption. Sorption is optimal at 5 
ppm humic acid concentration, and reduces with increasing humic acid concentration but is 
still enhanced up to 20 ppm HA. Suppression of sorption occurs at 50 ppm humic acid 
concentration and is even higher at 100 ppm. The two possible reasons for this observation 
(blocking of sorption sites by humic acid and formation of soluble metal-HA complexes) 
have been discussed. 
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Figure 74: HA and pH effects on Nickel sorption to Kaolinite (pH on x-axis) 
 
 
Figure 75: HA and pH effects on Nickel sorption to Kaolinite (logrithmic scale) 
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Figure 76: HA and pH effects on Nickel sorption to Kaolinite (HA on x-axis) 
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Figure 77: HA and pH effect on Caesium sorption to Kaolinite (pH on x-axis) 
 
 
Figure 78: HA and pH effects on Caesium sorption to Kaolinite (HA on x-axis) 
0
4
8
12
16
20
4 5 6 7 8 9 10
Rd 
 (ml g-1) 
pH 
pH Effect on Cs sorption to Kaolinite at 
 differnet HA concentrations  
0 ppm HA 5 ppm HA 10 ppm HA 20 ppm HA 50 ppm HA 100 ppm HA
0
4
8
12
16
20
0 20 40 60 80 100 120
Rd 
 (ml g-1) 
HA concentration (ppm) 
HA effect on Cs sorption to Kaolinite at 
different pHs 
pH 5 pH 6 pH 7 pH 8 pH 9
162 
 
At very low humic acid concentration (5 ppm), not surprisingly, sorption increases ever so 
slightly with increasing pH. Generally, there appears to be an optimal humic acid 
concentration (about 20 ppm) where sorption is enhanced even if slightly, after which 
suppression occurs. Caesium exhibits no sorption to humic acid, and it has been shown that 
pH has no significant effect on caesium sorption to kaolinite, both these factors are 
responsible for the behaviour observed here. 
 
5.2.2.4  Effects of pH and HA on the sorption of Strontium to Kaolinite 
Figures 79 and 80 illustrate the effects of pH and humic acid concentration on strontium 
sorption to kaolinite.  Like caesium, strontium shows very poor affinity for kaolinite at all 
pHs, and in the presence or absence of humic acid, the highest Rd value obtained was less 
than 30 cm3 g-1. Unlike caesium however, strontium sorption is influenced by pH and humic 
acid concentration. Strontium sorption increases with increasing pH, it is also enhanced with 
increasing humic acid concentrations up to 50 ppm, at higher humic acid concentrations 
sorption is suppressed. This is similar to the behaviours of cadmium and nickel, although 
with strontium; higher concentrations of humic acid are required to suppress sorption. The 
optimal humic acid concentration for maximum sorption for cadmium and nickel were 5 and 
20 ppm respectively. 
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Figure 79: HA and pH effect on Strontium sorption to Kaolinite (pH on x-axis) 
 
 
Figure 80: HA and pH effects on Strontium sorption to Kaolinite (HA on x-axis)
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5.2.2.5   Effects of pH on Desorption of Cadmium from Kaolinite 
In this section, the effects of pH and humic acid concentration on the desorption behaviour of 
the studied metals from kaolinite. Two graphs are plotted for each metal using the x-axis 
values of pH and initial metal adsorbed; both represent the same set of data and aid the 
discussion. 
 
Figure 81: Effect of pH and HA on Cd desorption from Kaolinite 
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Figure 82: Effect of pH and HA on Cd desorption from Kaolinite (Initial Cd adsorbed on x-axis) 
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Figure 83: Effect of pH and HA on Ni desorption from Kaolinite 
 
 
Figure 84: Effects of pH and HA on Ni desorption from Kaolinite (Initial Ni adsorbed on x-axis) 
 
0
25
50
75
100
4 5 6 7 8 9 10
% 
 Adsorbed 
pH 
HA & pH Effects on Ni Desorption from 
Kaolinite 
0 ppm HA 5 ppm HA 10 ppm HA 20 ppm HA 50 ppm HA 100 ppm HA
0
25
50
75
100
0.0E+00 5.0E-06 1.0E-05 1.5E-05 2.0E-05 2.5E-05
% 
 Adsorbed 
Initial Adsorbed (moles g-1) 
HA & pH Effects on Ni Desorption from 
Kaolinite 
0 ppm HA 5 ppm HA 10 ppm HA 20 ppm HA 50 ppm HA 100 ppm HA
167 
 
5.2.2.7  Effects of pH and HA on Desorption of Caesium from Kaolinite 
In Figures 85 and 86, the desorption behaviour of caesium from kaolinite is illustrated. 
Caesium binds poorly to kaolinite, and its sorption is suppressed by humic acid. Its 
desorption from kaolinite decreases with increasing pH, lowest desorption values being 
greater than 40 % and the highest being less than 90 %. Caesium binds poorly to kaolinite, 
the few ions that do bind are easily released back into solution across a wide pH range. The 
effects of humic acid concentrations are harder to explain and require further investigation. 
 
 
Figure 85: Effects of pH and HA on Cs desorption from Kaolinite 
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Figure 86: Effects of pH and HA on Cs desorption from Kaolinite (Initial Cs adsorbed on x-axis) 
 
5.2.2.8  Effects of pH and HA on desorption of Strontium from Kaolinite 
The effects of pH on the desorption behaviour of strontium from kaolinite are depicted in 
Figures 87 and 88. Like caesium, strontium binds poorly with kaolinite, that similarity is 
retained in its desorption from kaolinite. Strontium desorption is suppressed by increasing 
pH,  but not completely within the pH range studied. Desorption values measured range 
between 42 – 88 %, the greatest retention values were obtaind when humic acid concentration 
is low (5 ppm) while the least retention tends to obtain with high humic content. 
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Figure 87: Effects of pH and HA on Sr desorption from Kaolinite 
 
 
Figure 88: Effects of pH and HA on Sr desorption from Kaolinite (Initial Sr adsorbed on x-axis) 
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5.3 Conclusions 
Bentonite has poor sorption properties, having low affinity for caesium and strontium, but has 
greater affinity for caesium than nickel. The presence of humic acid can enhance or suppress 
sorption, this varies from metal to metal  and from  solid to solid.  The degree of 
enhancement or suppression also depends on humic acid concentration. Humic acid 
suppresses the sorption of caesium to bentonite (the greater the humic acid concentration, the 
stronger the suppression), an observation that has been previously reported (113), but 
enhances the sorption of strontium; strontium sorption increasing with increase in humic acid 
concentration.  
Kaolinite has better sorption properties than bentonie. Cadmium has greater sorption affinity 
for kaolinite in the absence of humic acid, but nickel sorption is more enhanced in the 
presence of humic acid. Although the presence of humic acid enhances cadmium and nickel 
sorption to kaolinite, low humic acid concentration provide the best conditions for maximum 
sorption of both metals (acting as a bridge in the formation of S-HA-M ternary complexes), 
increased concentrations of humic acid provide a reduced sorption enhancement effect and 
eventually sorption is suppressed at higher humic acid concentrations.  High concentrations 
of humic acid lead to colloid formation which block access of metals with larger hydration 
radii to sorption sites while also encouraging the formation of humic acid-metal complexes.  
As with bentonite, caesium and strontium are both poorly sorbed by kaolinite; caesium is 
more poorly sorbed in mildly acidic conditions while strontium sorption is higher under 
neutral to alkaline condition and is better enhanced by increasing humic acid concentration. 
Unlike with cadmium and nickel however, the enhancement of strontium sorption is 
supported by higher concentrations of humic acid, this confirms greater preference for the 
formation of S-HA-Sr ternary and lower preference for the formation HA-Sr binary 
complexes (supported by the lower HA-Sr ‘stability constants’ obtained in section 4.3).  
The retention of caesium and strontium by bentonite in the presence of organic matter reveals 
the difference in the nature of binding both metals undergo. Although caesium sorption is 
suppressed in the presence of humic acid, it is much better retained as caesium and is more 
irreversibly sorbed by binding into interstitial structure of bentonite. The presence of humic 
acid inhibits caesium binding, and retention but this reduces with increasing alkalinity, while 
the reverse is the case with strontium whose retention is very poor and improved in the 
presence of humic acid and increasing pH.  
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Both caesium and strontium are poorly sorbed and retained by kaolinite with strontium 
slightly better retained, but their retention improves with increasing humic acid concentration 
and pH. Cadmium and nickel also exhibit poor retention to kaolinite but their retentions are 
more improved under alkaline conditions and higher humic acid concentrations, nickel more 
so than cadmium. 
A few studies that have investigated the effect of pH and humic acid on the sorption of metals 
to different clay minarals, however, none of them have covered as wide a range of humic acid 
concentrations as this study. This allowed for the determination of the optimal humic acid 
concentration in which sorption is enhanced, it also revealed the sorption-suppressing effect 
of humic acid when present in very high concentrations. 
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6.0 Sorption of Metals to Clay Soils 
 
This chapter contains four sections: 
• A brief summary of the characterization of the clay soils, 
• Sorption of metals (Cd, Ni, Cs and Sr) over a broad range of initial metal 
concentrations, 
• The use of standard addition method to determine the contribution of the kaolinite 
constituent of laterite to its sorption of Cd and Ni, 
• The effect of organic matter content on their retention capacity, focusing on Cd and 
Ni sorption to the Loam and Laterite and, Cs and Sr to London Clay and Mercia 
Mudstone. 
 
6.1 Summary of Clay Soils’ Properties (Results from Chapter 3) 
These results are presented in table 19. All the clay soils except Ikeja Loam contain very little 
amounts of organic matter (< 3 wt %), Ikeja Loam containing more than 13 wt %. All of 
them exhibited mild alkalinity, none greater than pH 9. The Magodo Laterite had the largest 
surface area but lowest CEC (23.91 m2 g-1 and 4.39 cmol g-1 respectively), London Clay had a 
lower surface area but the highest CEC (14.87 m2 g-1 and 19.54 cmol g-1), Magodo Laterite 
possesses surface area and CEC in the median range (9.75 m2 g-1 and 9.13 cmol g-1), and 
Ikeja Loam (5.52 m2 g-1 and 14.02 cmol g-1). 
All the clay soils contained significant amounts of quartz, Ikeja Loam being constituted of 
about 75 wt % quartz. The clay mineral content for all except the Loam ranged very close to 
40 wt %, that for Ikeja Loam was less than 15 wt %. The major mineral constituent of the 
clay portion of Ikeja Loam and Magodo Laterite was kaolinite (85 and 99 wt % respectively). 
The clay mineral composition of Mercia Mudstone mostly made up of illite (91 %), and 
London Clay contained illite (35 %), smectite (43 %), kaolinite (19 %). All of them except 
Magodo Laterite contained little amounts of chlorite. 
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Table 19: Characterization of Clay Soils and Matrices 
Sample pH (H20) 
CEC 
(cmol kg-1) 
Surface 
Area 
(m2 g-1) 
Organic 
Matter 
( wt %) 
Moisture 
(wt %) 
Clay 
Minerals 
(wt %) 
Non-Clay 
Minerals 
Relative amounts of clay minerals 
from the <μm (wt %) 
Chlorite Illite Kaolinite Smectite 
London Clay 8.20 19.54 ± 3.87 
14.87 ± 
0.02 2.96 ± 0.02 0.84 41.1 
Quartz (52.9) 
K-Feldspar 
(3.7) 
Albite (2.1) 
 
4 35 19 43 
Mercia 
Mudstone 8.98 9.13± 0.42 9.75 ± 0.16 0.84 ± 0.06 1.02 38.2 
Quartz (22.3) 
Dolomite (24.3) 
K-Feldspar 
(12.8) 
Albite (1.3) 
7 91 - 2 
Ikeja Loam 7.52 14.02 ± 1.66 5.52 ± 0.12 13.79 ± 0.89 1.46 14.9 
Quartz (74.8) 
K-Feldspar 
(5.2) 
Albite (3.6) 
Calcite (1.0) 
Hematite (0.8) 
6 9 85 - 
Magodo 
Laterite 7.68 4.39 ± 0.07 
23.91 ± 
0.09 2.7 ± 0.04 3.45 43.1 
Quartz (47.2) 
Goethite (7.2) 
Hematite (2.1) 
Anatase (0.9) 
- - 99 1 
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6.2  Sorption of Metal - Clay Matrix Systems  
This section compares the sorption and desorption behaviours of each of the four metals of 
interest (Cd, Ni, Cs and Sr) with all of the four soils (London Clay, Mercia Mudstone, Ikeja 
Loam and Magodo Laterite) at their natural equilibrium pHs and over a wide metal 
concentration range. 
 
6.2.1  Method 
(10-2, 10-4, 10-6, 10-8, 10-10 and 10-12) mol dm-3 solutions of Cd(NO3)2, Ni(NO3)2, CsNO3 and  
Sr(NO3)2 were prepared in situ with 0.1 mol dm-3 NaClO4 backgound electrolyte solutions. 
The pHs of these solutions were measured and ranged between 5-6.  
20 cm3 of these solutions were added to 0.1 g of the clay soils in 50 cm3 polyethylene vials 
and spiked with 0.1 cm3 carrier-free 109Cd (Ɣ-radiation of 0.88 MeV) 63Ni (β-radiation of 
0.66 KeV), 137Cs (Ɣ- radiation of 0.66 MeV) and 85Sr (Ɣ- radiation of 0.51 MeV) containing 
known activities as appropriate. The pHs of each solution was measured and left unaltered 
(presented in table 20). The samples were shaken with a vortex mixer and triplicates were 
shaken on a mechanical shaker at 100 rpm for 72 hours, after which they were centrifuged at 
6000 rpm for 30 min. The supernatants were decanted and filtered through 0.45 µm syringe 
filters. 2 cm3 of these filtrates were measured and counted for gamma activity with a Packard 
Cobra II Auto Gamma counter. The distribution ratios were then calculated from the activites 
counted in the samples. Ni activity was counted on a Packard Tri-Carb 1900TR Liquid 
Scintiallation Analyzer after addition of liquid scintillation counter. 
Blank solutions without soils were also prepared and all the procedures repeated to account 
for the effects of wall sorption and filtration, both of which were insignificant. For the 
desorption studies, after decantation, 20 cm3 of unbuffered 0.1 NaClO4 solutions were added 
to the metal-loaded soil samples left in the polyethylene tubes and resuspended by shaking 
with a vortex mixer. The samples were shaken on a mechanical shaker at the same rate and 
left for the 3 days to equilibrate. The separation and measurement were the same as those 
used for adsorption.  
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Table 20: Measured pH ranges for clay soil-metal systems 
 Cadmium Nickel Caesium Strontium 
London Clay 7.6 – 7.7 7.3 – 7.6 7.3 - 7.5 7.4 - 7.6 
Mercia Mudstone 8.3 – 8.5 8.4 -8.5 8.4 - 8.5 8.3 - 8.4 
Ikeja Loam 7.4 – 7.5 8.5 – 8.6 7.6 – 7.9 7.7 – 7. 9 
Magodo Laterite 5.8 - 6.1 5.7 - 6.2 5.8 – 6.2 5.8 – 6.3 
 
6.2.2  Results and Discussions 
The results presented in this section provide evidence for the preferential sorption by the 
different metals to specific soils, as well as the preferential affinity of soils for individual 
metals. For instance, cadmium and strontium preferentially bind to Ikeja Loam while nickel 
and caesium show a preference for London Clay. Amongst the soils, Ikeja Loam and Magodo 
Laterite have greater affinity for cadmium, while London Clay and Mercia Mudstone 
preferentially adsorbed caesium. The results also show that some metals are have poor 
sorption properties as clearly exhibited by strontium, which consistently the least sorbed 
metal by all the soils, and that some soils are possess low sorption capacities as can be 
observed for Magodo Laterite, which consistently sorbed the least metal.  
The results also interestingly show that soils from the same region behave similarly, the 
British (London Clay and Mercia Mudstone) and Nigerian soils (Ikeja Loam and Magodo 
Laterite) showing clearly identical sorption preferences within themselves and clearly 
different when compared between regions. 
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6.2.2.1  Cadmium Sorption to Clay Matrices 
 
Figure 89: Sorption of Cadmium to Clay Matrices 
Figure 89 shows the sorption behaviour of cadmium with all the clay materials studied. The 
affinity of cadmium for the soils increases in the order, Magodo Laterite << Mercia 
Mudstone << London Clay << Ikeja Loam. Cadmium exhibits the greatest sorption affinity 
for Ikeja Loam, although it has the lowest clay mineral content (< 15 %), most of this clay 
mineral content is kaolinite (85 %). On the other hand, cadmium exhibits very poor sorption 
affinity with Magodo Laterite, which contains a lot more clay mineral (43 %) of which 
kaolinite (99 %) is the only significant clay mineral present.  This observation is attributed to 
the very high organic matter content of Ikeja Loam (13 %) as compared with that for Magodo 
Laterite (< 0.4 %). It has been established that cadmium binds well with kaolinite at near 
neutral pHs (see Figure 51 and Table 14), and its’ sorption is enhanced in the presence of 
organic matter at low and medium concentrations (see Figures 71, 72 & 73), although 
sorption is depressed at higher organic matter content. Another plausible reason for this 
behaviour is the difference in equilibrium pHs between Ikeja Loam/Cd and Magodo 
Laterite/Cd systems. The equilibrium pH with Ikeja Loam was about 7.4, and that with 
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Magodo Laterite was about 5.8, since sorption is enhanced under alkalinic conditions, it 
should be expected that more cadmium is adsorbed onto the Ikeja Loam. The CEC of 
Magodo Laterite is also significantly lower (4.39 meq 100 g-1) than that of Ikeja Loam (14.02 
meq 100 g-1) even though it has a larger surface area (23.91 and 5.52 m2 g-1) respectively. 
Still from Figure 89, it can be seen that London Clay has a higher sorption affinity for 
cadmium than Mercia Mudstone. The difference in equilibrium pHs between London 
Clay/Cadmium (7.6) and Mercia Mudstone/Cadmium (8.3) systems would suggest that 
sorption of cadmium should be greater with Mercia Mudstone but this was not observed. 
London Clay has a higher CEC and larger surface area than Magodo Laterite (19.54 against 
9.13 meq 100 g-1) and (14.87 against 9.75 m2 g-1) respectively. The clay mineral contents of 
both matrices are similar, about 41 % for London Clay and 38 % for Mercia Mudstone. Both 
contain chlorite, illite and smectite in varying compositions. However, the clay mineral 
portion of Mercia Mudstone is predominantly constituted of illite (91 %), very little smectite 
(2 %) and contains no kaolinite. London Clay on the other hand is smectite rich and contains 
significant amounts of kaolinite (43 % and 19 % respectively) of the 41% clay mineral 
content of London Clay. The binary sorption behaviour of cadmium to illite, smectite and 
chlorite are yet to be studied but it is suspected that the presence of smectite especially, in the 
London Clay enhances its sorption capacity. Smectite is known to show great metal retention 
capacity because it swells, this allows it to increase its CEC and specific surface area (140) 
(141) (142).  
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6.2.2.2  Sorption of Nickel to Clay Matrices 
In Figure 90 below, the sorption behaviour of nickel to all the clay matrices is presented. The 
sorption affinity increases in the order Magodo Laterite << Ikeja Loam << Mercia Mudstone 
<< London Clay.  
 
Figure 90: Sorption of Nickel to Clay Matrices 
Nickel exhibits similar affinity with cadmium for the clay matrices but differs in that its 
affinity to Ikeja Loam is significantly lower, cadmium showed the strongest affinity with 
Ikeja Loam while nickel affinity to Ikeja Loam is only higher than that to Magodo Laterite. 
This suggests that organic matter plays a less significant role in the enhancement of nickel 
sorption than it does for cadmium, another plausible reason would be the presence of other 
clay minerals in Ikeja Loam (chlorite and illite) but their low composition 6 % and 9 % 
respectively would suggest that they do not contribute significantly to sorption, bearing in 
mind that only 14.9 % of Ikeja Loam is composed of clay minerals. As with cadmium, the 
equilibrium pHs of the binary systems of Ikeja Loam/Ni (8.5) and Magodo Laterite/Ni (5.7) 
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also support the greater sorption capacity of Ikeja Loam, even though its CEC and surface 
area are lower than that of Magodo Laterite. 
Similar to cadmium, nickel exhibits greater sorption affinity to London Clay than it does to 
Mercia Mudstone, although cadmium exhibits greater affinity to both materials (see Rd 
values). The reasons for this have been discussed, larger surface area and CEC, and the 
higher composition of the swelling clay, smectite in London Clay. The equilibrium pH of 
Mercia Mudstone (8.4) was also greater than that for London Clay (7.3). 
 
6.2.2.3  Sorption of Caesium to Clay Matrices 
 
Figure 91: Sorption of Caesium to Clay Matrices 
Figure 91 illustrates the sorption behaviour of caesium to the clay matrices. Its sorption 
affinity follows the order Magodo Laterite << Ikeja Loam << Mercia Mudstone << London 
Clay. The same trend was exhibited by cadmium. London Clay remains the most, and 
Magodo Laterite, the least absorbing. Caesium also has a greater affinity for Ikeja Loam than 
for Magodo Laterite, however, it magnitude of difference in these affinities is a lot less. It has 
0
5000
10000
15000
20000
25000
1.0E-13 1.0E-11 1.0E-09 1.0E-07 1.0E-05 1.0E-03 1.0E-01
Rd  
(ml g-1) 
Concentration bound (mols g-1) 
Sorption of Caesium to Clay Soils 
Magado Laterite Ikeja Loam London Clay Mercia Mudstone
181 
 
been discussed that caesium binds poorly to organic matter, and as such, the presence of large 
quantities of organic matter in the Ikeja Loam does not play a major role in caesium sorption. 
In general, caesium shows great affinity for all the other clay matrices (evident from the high 
Rd values obtained). 
Again, London Clay proves to be a better sorbent for caesium, as it is for cadmium and 
nickel. In fact, the Rd values obtained are with London Clay are more than double those with 
Ikeja Loam. The strong sorbent properties of smectite are known, but it appears to have even 
greater affinity for caesium, a study by Vejseda et al. (2005) on caesium sorption on some 
smectite rich clays have attributed this to the presence of a large number of non-specific 
adsorption sites present in smectite for caesium (143). 
 
6.2.2.4  Sorption of Strontium to Clay Matrices 
 
Figure 92: Sorption of Strontium to Clay Matrices 
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The sorption behaviour of strontium with the clay matrices is presented in Figure 92. It is 
immediately evident that strontium binds poorly to all the clay matrices, the Rd values 
obtained being as high as 2 orders of magnitude lower. Strontium exhibits very poor binding, 
hence its mobility in the environment. The affinity of strontium for the clay matrices follows 
a similar order to that of cadmium, Magodo Laterite << Mercia Mudstone << London Clay 
<< Ikeja Loam. The affinity of strontium for Ikeja Loam is evidently as a result of the 
enhancement of strontium sorption by the presence of organic matter. 
 
6.2.2.5  Comparison of Sorption Affinities of Clay Soils for Metals 
Here, the individual sorption affinities of each clay soil to the metals are presented. The same 
data are used but the graphs allow for better comparisons. 
 
Figure 93: Sorption of Cd, Ni, Cs and Sr to Magodo Laterite 
Figure 93 illustrates the sorption behaviour of Magodo Laterite to the metals studied. Magodo 
Laterite was the least sorbing of all the matrices studied; its sorption affinity for the metals 
follows the order, strontium << caesium << nickel << cadmium. Magodo Laterite is mostly 
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made up of kaolinite (99 % of its 43 % clay mineral content), cadmium has been shown to 
bind well with kaolinite (see section 4.5). However, in the binary studies of metals to 
kaolinite previously discussed (see Figures 56 and 57), kaolinite exhibited greater affinity 
for nickel than cadmium. This suggests that the non-clay content also contribute to sorption, 
and must have a preference for nickel sorption. The iron oxides goethite (7.2 %) and hematite 
(2.1 %) are the other significant constituents in Magodo Laterite, discounting quartz. The 
sorption behaviours of these iron oxides are yet to be investigated. 
 
 
Figure 94: Sorption of Cd, Ni, Cs and Sr to Ikeja Loam 
In Figure 95, the sorption behaviour of Ikeja Loam with the metals is presented. The sorption 
affinity order is similar to that of Ikeja Loam, strontium << caesium << nickel << cadmium, 
however the magnitude of sorption for all the metals are markedly greater. Ikeja Loam is rich 
in organic matter and quartz. As with Magodo Laterite, the high kaolinite content of Ikeja 
Loam would suggest stronger affinity for cadmium. However, it has been established that the 
presence of humic acid greatly enhances the sorption of nickel to kaolinite (see Figures 74, 
75 & 76), organic matter also enhances cadmium sorption but to a lesser extent. 
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Figure 95: Sorption of Cd, Ni, Cs and Sr to London Clay 
 
Figure 96: Sorption of Cd, Ni, Cs and Sr to Mercia Mudstone 
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Figure 95 and 96 illustrate the sorption behaviours of London Clay and Mercia Mudstone 
with metals studied. Their sorption affinities follow roughly the same trend, strontium << 
nickel ≤ cadmium << caesium, although London Clay is the stronger sorbent of both 
matrices. The trends observed were not uniform across the concentration range studied. 
Strontium was clearly the least sorbed metal by both sorbents. At low concentrations of 
bound metal (< 1 * 10-8 mol g-1), the affinity trend follows the order nickel << cadmium << 
caesium. Interestingly, this order is inversed (trend lines overlap) at higher concentration of 
bound metal (> 1 * 10-8 mol g-1) caesium << cadmium << nickel. This observation needs to 
be further investigated. The sharp sorption edge exhibited by caesium however, suggests 
monolayer coverage and depletion of sorption sites. 
The overall sorption relationships between the different clay soils and metals showing 
preferential sorption affinities are presented below. 
 
  Cd    Ik Lm >> Ldn Cly >> Mrc Mdst >> Mg Lt 
  Ni   Ldn Cly >> Mrc Mdst >> Ik Lm >> Mg Lt 
  Cs   Ldn Cly >> Mrc Mdst >> Ik Lm >> Mg Lt 
  Sr   Ik Lm >> Ldn Cly >> Mrc Mdst >> Mg Lt 
 
  Mg Lt   Cd >> Ni >> Cs >> Sr 
  Ik Lm   Cd >> Ni >> Cs >> Sr 
  Ldn Cly  Cs >> Cd ≈ Ni >> Sr 
  Mrc Mdst  Cs >> Cd ≈ Ni >> Sr 
Generally, the results presented in this section provide evidence for the preferential sorption 
by the different metals to specific soils, as well as the preferential affinity of soils for 
individual metals. Cadmium and strontium have similar sorption behaviours; showing the 
greatest affinity for loam and least to the laterite, reason for this being the closeness of their 
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ionic radii and sameness of their valencies.  Nickel and caesium also show similar affinities 
for the soils, both preferentially sorbing to the London Clay.  
Amongst the soils, Ikeja Loam and Magodo Laterite have greater affinity for cadmium, while 
London Clay and Mercia Mudstone preferentially adsorbed caesium. The results also show 
that some metals are have poor sorption properties as clearly exhibited by strontium, which is 
consistently the least sorbed metal by all the soils, and that some soils possess low sorption 
capacities as can be observed for Magodo Laterite, which was consistently sorbed the least 
amount of metal.  
Interesting to note, are the similarities in sorption behaviours of the soils from the same 
region. Although the loam clearly has a greater sorption capacity than the laterite, both 
Nigerian soils (Magodo Laterite and Ikeja Loam) exhibited exactly the same order of 
preference for the metals (Cd > Ni > Cs > Sr). The same is true of the British soils, although 
London Clay had the greater sorption capacity for all of the metals than Mercia Mudstone, 
the order of their preferences (Cs > Cd > Ni > Sr) were exactly the same. Evidently, the 
nature of clay mineral constituents in the soils account for their sorption behaviours, kaolinite 
being the major clay mineral present in the loam and laterite, while illite and smectite play 
the same role for the British soils. 
187 
 
Table 21: Sorption of Metals to Clay Matrices 
 
Clay Matrices 
Magodo Laterite Ikeja Loam London Clay Mercia Mudstone 
 Intial conc Free (mol dm-3) Bound (mol g-1) 
Rd 
(g ml-1) 
Free 
(mol dm-3) 
Bound 
(mol g-1) 
Rd 
(g ml-1) 
Free 
(mol dm-3) 
Bound 
(mol g-1) 
Rd 
(g ml-1) 
Free 
(mol dm-3) 
Bound 
(mol g-1) 
Rd 
(g ml-1) 
Cd 
1.00E-02 9.55E-06 8.73E-05 9.17 9.10E-06 1.76E-04 19.51 8.62E-06 2.62E-04 30.52 9.27E-06 1.41E-04 15.35 
1.00E-04 8.61E-08 2.65E-06 30.80 1.70E-08 1.60E-05 1063.21 3.25E-08 1.31E-05 405.15 7.28E-08 5.23E-06 72.19 
1.00E-06 4.16E-10 1.11E-07 269.43 3.53E-11 1.85E-07 5524.27 5.14E-11 1.86E-07 3697.05 8.38E-11 1.77E-07 2127.92 
1.00E-08 2.74E-12 1.41E-09 517.34 3.13E-13 1.91E-09 6488.64 3.63E-13 1.86E-09 5319.06 5.13E-13 1.78E-09 3697.10 
1.00E-10 2.60E-14 1.42E-11 548.26 2.94E-15 1.89E-11 6480.23 3.11E-15 1.83E-11 5965.51 8.39E-15 1.77E-11 2119.53 
1.00E-12 2.58E-16 1.41E-13 548.85 1.95E-17 1.90E-13 10003.61 2.20E-17 1.85E-13 8641.37 4.16E-17 1.84E-13 4444.95 
 
Ni 
1.00E-02 9.67E-06 6.45E-05 6.68 8.77E-06 2.41E-04 27.48 8.14E-06 3.61E-04 44.43 8.78E-06 2.38E-04 27.17 
1.00E-04 8.19E-08 3.50E-06 42.87 2.45E-08 1.48E-05 605.90 1.98E-08 1.56E-05 787.89 1.72E-08 1.60E-05 999.31 
1.00E-06 4.26E-10 1.11E-07 262.53 9.24E-11 1.77E-07 1959.77 4.61E-11 1.84E-07 4012.01 7.09E-11 1.81E-07 2705.94 
1.00E-08 3.67E-12 1.20E-09 328.76 8.53E-13 1.77E-09 2114.49 3.80E-13 1.84E-09 4880.98 6.57E-13 1.81E-09 2800.09 
1.00E-10 3.55E-14 1.23E-11 347.85 8.26E-15 1.77E-11 2174.95 4.00E-15 1.86E-11 4645.60 6.78E-15 1.81E-11 2898.73 
1.00E-12 3.41E-16 1.28E-13 375.73 7.01E-17 1.78E-13 2631.27 3.96E-17 1.85E-13 4711.61 1.38E-16 1.62E-13 3321.66 
 
Cs 
1.00E-02 9.51E-06 9.43E-05 9.95 8.84E-06 2.27E-04 25.64 9.37E-06 1.21E-04 13.03 9.95E-06 8.18E-06 0.82 
1.00E-04 8.63E-08 2.58E-06 29.92 7.53E-08 4.79E-06 63.63 6.66E-08 6.47E-06 100.88 7.77E-08 4.32E-06 56.09 
1.00E-06 7.60E-10 4.59E-08 60.56 5.41E-10 8.93E-08 164.98 6.71E-11 1.80E-07 2711.60 2.40E-10 1.48E-07 617.89 
1.00E-08 7.38E-12 5.09E-10 69.10 3.88E-12 1.19E-09 307.97 1.17E-13 1.92E-09 16554.84 3.08E-13 1.88E-09 6131.63 
1.00E-10 4.03E-14 1.15E-11 288.46 1.24E-14 1.68E-11 1362.49 1.01E-15 1.92E-11 19043.68 2.13E-15 1.86E-11 8746.29 
1.00E-12 4.32E-16 1.11E-13 257.32 1.18E-16 1.71E-13 1443.00 9.36E-18 1.92E-13 20560.45 2.42E-17 1.90E-13 7866.42 
 
Sr 
1.00E-02 9.51E-06 9.54E-05 10.04 8.97E-06 2.00E-04 22.32 9.45E-06 1.09E-04 11.50 9.68E-06 6.12E-05 6.34 
1.00E-04 9.22E-08 1.45E-06 15.79 6.11E-08 7.61E-06 124.66 7.83E-08 4.24E-06 54.12 8.91E-08 2.11E-06 23.78 
1.00E-06 9.13E-10 1.64E-08 18.06 5.58E-10 8.64E-08 154.73 7.54E-10 4.78E-08 63.40 8.51E-10 2.87E-08 33.77 
1.00E-08 9.11E-12 1.70E-10 18.74 5.51E-12 8.79E-10 159.81 7.65E-12 4.53E-10 59.29 8.58E-12 2.73E-10 31.93 
1.00E-10 8.91E-14 2.09E-12 23.53 5.57E-14 8.56E-12 153.68 7.69E-14 4.43E-12 57.67 8.68E-14 2.51E-12 28.99 
1.00E-12 8.76E-16 2.38E-14 27.25 5.45E-16 8.79E-14 161.24 7.39E-16 5.16E-14 69.92 8.64E-16 2.67E-14 30.93 
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Table 22: Desorption of Metals from Clay Matrices 
 
Clay Matrices 
Magodo Laterite Magodo Laterite Magodo Laterite Magodo Laterite 
Initial Bound 
(mol g-1) % Desorbed 
Initial Bound 
(mol g-1) % Desorbed 
Initial Bound 
(mol g-1) % Desorbed 
Initial Bound 
(mol g-1) % Desorbed 
Cd 
8.73E-05 39.61 1.87E-04 47.63 2.62E-04 98.91 1.41E-04 37.95 
2.65E-06 77.10 1.61E-05 5.02 1.31E-05 14.24 5.24E-06 44.99 
1.12E-07 34.05 1.85E-07 1.92 1.86E-07 3.72 1.78E-07 2.45 
1.41E-09 18.97 1.91E-09 1.49 1.86E-09 2.77 1.78E-09 3.55 
1.42E-11 18.66 1.89E-11 1.32 1.83E-11 2.19 1.77E-11 3.35 
1.42E-13 17.70 1.90E-13 1.47 1.85E-13 1.85 1.81E-13 4.29 
 
Ni 
4.53E-05 67.21 2.41E-04 32.05 3.61E-04 26.40 2.38E-04 9.19 
3.50E-06 61.62 1.48E-05 6.55 1.56E-05 10.93 1.61E-05 1.18 
1.12E-07 28.81 1.78E-07 2.78 1.84E-07 3.39 1.81E-07 1.92 
1.21E-09 27.64 1.78E-09 2.94 1.84E-09 3.18 1.81E-09 1.70 
1.24E-11 26.71 1.78E-11 2.92 1.86E-11 3.43 1.78E-11 1.75 
1.28E-13 27.73 1.79E-13 2.95 1.85E-13 3.16 1.62E-13 3.43 
 
Cs 
9.44E-05 54.61 2.27E-04 41.91 1.21E-04 84.66 8.18E-06 90.20 
2.58E-06 90.30 4.79E-06 53.57 6.47E-06 78.21 4.33E-06 84.60 
4.59E-08 89.16 8.93E-08 49.11 1.80E-07 5.47 1.48E-07 10.40 
5.10E-10 88.13 1.20E-09 21.51 1.92E-09 0.82 1.89E-09 2.12 
1.16E-11 55.49 1.68E-11 13.17 1.92E-11 0.68 1.87E-11 1.54 
1.11E-13 37.42 1.71E-13 25.74 1.92E-13 0.68 1.91E-13 2.41 
 
Sr 
9.55E-05 38.10 2.00E-04 56.22 1.09E-04 80.39 6.13E-05 63.54 
1.45E-06 78.40 7.61E-06 49.82 4.24E-06 91.54 2.12E-06 80.85 
1.65E-08 82.65 8.65E-08 46.34 4.78E-08 83.41 2.88E-08 71.98 
1.70E-10 82.42 8.79E-10 46.08 4.53E-10 85.90 2.74E-10 77.70 
2.09E-12 77.36 8.57E-12 49.32 4.43E-12 88.92 2.52E-12 85.10 
2.38E-14 52.70 8.80E-14 54.55 5.16E-14 70.74 2.67E-14 83.95 
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 6.2.2.6  Desorption of Metals from Magodo Laterite 
Figure 97 illustrates the desorption trends exhibited by cadmium, nickel, caesium and 
strontium from Magodo Laterite. Magodo Laterite was the least sorbing of all the clay 
matrices, and show sorption affinity for the metals in the order Sr << Cs << Ni << Cd. 
Desorption values generally follow the order Cd << Ni << Cs << Sr, this trend becomes 
inconsistent at higher concentrations of initially bound metal. The metals also exhibit 
different desorption patterns. Cadmium and nickel exhibit almost constant desorption 
percentages at low initial loading, at higher metal loadings, desorption increases. Generally 
though, it appears cadmium and nickel ions are fairly well retained when adsorbed. Caesium 
and strontium on the other hand desorb more readily, their desorption trends are also similar, 
increasing with higher initial metal loadings, peaking at about 90 % and remain fairly 
consistent, eventually decreasing at the highest initial metal loadings. 
 
 
Figure 97: Desorption of Cd, Ni, Cs and Sr from Magodo Laterite 
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6.2.2.7  Desorption of Metals from Ikeja Loam 
The desorption behaviour of the studied metals from Ikeja Loam are illustrated by Figure 98. 
The Ikeja Loam exhibits affinity for the metals in the order Sr << Cs << Ni << Cd, similar to 
Magodo Laterite (only in trend but not magnitude). Desorption of these metals follow an 
inverse of the sorption order, Cd << Ni << Cs << Sr. Cadmium and nickel are very strongly 
retained by Ikeja Loam over a broad range of initial metal loading concentrations, amounts 
desorbed being less than 10 %, desorption does increase at the highest metal loading, even 
then some metal remain adsorbed. Caesium and strontium are less strongly bound, caesium 
desorption increasing with increase in initial metal loading, peaking at just over 50 %, and 
reducing at higher metal loading. Strontium, the least strongly bound exhibited a different 
trend, percentage desorbed initially decreasing with increase in initial metal loaded, reaches a 
minimum and then increasing with further increase in initial metal loaded.  
 
 
Figure 98: Desorption of Cd, Ni, Cs and Sr from Ikeja Loam 
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6.2.2.8  Desorption of Metals from London Clay 
Figure 99 shows that cadmium, caesium and nickel are very well retained by London Clay. 
Desorption of these there metals remain fairly constant at low initial metal loadings, mostly 
less than 5 %, increasing only at highest bound metal concentrations.  London exhibited the 
greatest sorption affinity for caesium, but shows greatest retention for nickel, at the highest initial 
nickel loadings, less than 30 % of nickel ions were released back into solution. Caesium and cadmium 
however, are more readily desorbed at greater initial metal loadings, caesium more so than cadmium. 
The desorption trend broadly follows the other Ni << Cd << Cs <<< Sr. The desorption trends would 
suggest that the cadmium and caesium sorption are not monolayer ones. Strontium again is poorly 
retained, amounts desorbed reaching 90 %. 
 
 
Figure 99: Desorption of Cd, Ni, Cs and Sr from London Clay 
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6.2.2.9  Desorption of Metals from Mercia Mudstone 
Figure 100 illustrates the desorption behaviour of metals studied from Mercia Mudstone. 
Similar to London Clay, Mercia Mudstone proves to be a very good sorbent for cadmium, 
nickel and caesium. Also similar to London Clay, Mercia Mudstone best retains nickel, even 
though it has greater sorption affinity for caesium. The desorption trend follows the order Sr 
<< Cd << Cs << Sr, not only is this order similar to that for London Clay, the individual 
trends of the metals also closely resemble those for London Clay, although, Mercia mudstone 
appears to retain cadmium better than London Clay. Again, strontium is poorly retained by 
Mercia Mudstone, as with all the other clay matrices. 
There exists greater sorption affinity of London Clay and Mercia mudstone for caesium but 
their greater retention of nickel. It suggests that nickel preferentially binds to a clay mineral 
present in both clay soils, that clay mineral is suspected to be illite as it is present in large 
amounts in both soils (35 and 91 wt % respectively for London Clay and Mercia Mudstone). 
The nature of nickel binding with these phases needs to be further investigated. 
 
Figure 100: Desorption of Cd, Ni, Cs and Sr from Mercia Mudstone 
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6.3 Standard Addition Method for Determining Contribution of Kaolinite 
to Laterite Sorption of Cadmium and Nickel 
 
The standard addition method is a useful method for studying the contribution of one 
component of a complex mixture on the overall behaviour of that mixture without separating 
that component from the mixture. Once the initial quantity of the component present in the 
mixture is known, by adding increasing amounts of it to the mixture and studying the changes 
in the property of interest (in this case, sorption), the contribution of the component can be 
deduced. 
The Magodo Laterite soil was chosen for this study because it is the least complex of them, 
cadmium and nickel are the most relevant of the metal contaminants as relateing to electronic 
waste.  
 
6.3.1  Method 
The kaolinite content of the laterite has been determined by XRD to be about 42.6 wt %. To 
prepare laterite/kaolinite mixtures with increasing amounts of kaolinite, 0.05, 0.1, 0.15, 0.2, 
0.25, 0.3, 0.4, 0.5, and 1.0 g of pure kaolinite mineral were each added to 1.0 g of laterite in 
plastic vials so that the final concentration of kaolinite in the mixtures ranged from 42.6 – 
71.31 wt %. The vials were mechanically agitated for three days to homogenise the mixtures. 
 
6.3.1.1  Adsorption 
Approximately 1 * 10-4 mol dm-3 solutions of Cd(NO3)2 and Ni(NO3)2 were prepared in situ 
with 0.1 mol dm-3 NaClO4. 0.1 g of the pure laterite and laterite/kaolinite mixtures were 
weighed into 50 cm3 polyethylene centrifuge tubes, 20 cm3 of each cadmium and nickel 
solutions were added to the tube, the pHs measured and allowed to equilibrate for 7 days by 
shaking at 100 rpm on a mechanical shaker.  
After shaking, the samples were centrifuged at 6000 rpm for 20 minutes and supernatants 
were filtered through 0.45 µm disk filters. The concentrations of Cd and Ni were determined 
using ICP-OES after appropriate dilution and acidification. 
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6.3.1.2  Desorption 
After decantation, 20 cm3 of 0.1 NaClO4 solutions were added to the metal-loaded samples 
left in the polyethylene tubes and resuspended by shaking with a vortex mixer. The samples 
were shaken on a mechanical shaker at the same rate and left for 3 days to equilibrate. The 
separation and measurement were the same as those used for adsorption.  
 
6.3.2  Results and Discussions 
6.3.2.1  Adsorption 
Figures 101 and 102 depict the effect of increasing kaolinite content in Laterite on its 
sorption of cadmium and nickel. First, from the percentages of metal adsorbed, it is evident 
that laterite exhibits greater affinity for nickel than cadmium, on the other hand, increasing 
kaolinite content leads to an increase in the adsorption of cadmium but no significant increase 
nickel sorption. One can therefore conclude that kaolinite plays a greater role in laterite for 
the sorption of cadmium than it does for nickel. 
 
Figure 101: Standard Addition - Kaolinite contribution to Cd adsorption by Magodo Laterite 
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Figure 102: Standard Addition - Contribution of Kaolinite to Nickel Sorption by Magodo Laterite 
 
Increasing kaolinite content corresponds to a linear increase in the percentage of cadmium 
adsorbed, and a backward extrapolation indicates that cadmium sorption is non-existent in the 
absence of kaolinite. This suggests that kaolinite plays the most significant role of all the 
constituents present in laterite, however, in subsequent sections, goethite is determined as the 
dominant sorbing constituent in laterite. 
It is also pertinent to note that although increasing kaolinite content leads to a corresponding 
increase in percentage of cadmium adsorbed, distribution ratio values only increase until 
about 56% kaolinite content, after which the distribution ratios decrease. Since distribution 
ratio values are dependent on the mass of solid used, they are more representative of the 
sorption capacity of solids. It can therefore be inferred that there is optimal kaolinite content, 
above which further increase in kaolinite content is not accompanied by a corresponding 
increase in sorption capacity for cadmium. 
The low distribution ratio (Rd) values obtained also confirm the poor sorption properties of 
laterite and kaolinite at the experimental pH (5.8 -6.2).  
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6.3.2.2  Desorption 
 
Figure 103: Cadmium Desorption from Kaolinite-Enriched Laterite 
 
Figures 103 and 104 illustrate the retention of cadmium and nickel by kaolinite-enriched 
laterite, they show that cadmium and nickel are well retained once adsorbed. They also show 
that increasing kaolinite content plays improves the retention of cadmium even if slightly 
(evident from the slight downward trend observed as kaolinite content increases). This trend 
is not replicated for nickel although it appears that nickel is slightly better retained than 
cadmium. 
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Figure 104: Nickel Desorption from Kaolinite-Enriched Laterite 
 
6.4  Organic Matter Contribution to Sorption of Metals by Soils 
To investigate the contribution of organic matter, the soils were stripped of organic matter 
using the method of Kunze and Dixon (see Chapter 3 section 3.1). After treatment of soils 
with hydrogen peroxide, their organic matter contents were again determined using the Loss-
on-Ignition described in Chapter 3 section 3.2.2 method to ascertain the quantity of organic 
matter removed, results for which are presented in Table 23. The Cation exchange capacities, 
nature of exchangeable cations, soil pHs and surface areas were also determined as have been 
described in Chapters 3 sections 3.3, 3.4, 3.5 and 3.6 respectively for the soils after they 
had been stripped of organic matter. These results are presented in Tables 24 and 25. 
 
6.4.1  Method 
After the removal of organic matter, sorption experiments were carried out on both sets of 
soils, the pure soils and those stripped of organic matter. The method is the same as has been 
described previously. 
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6.4.2  Results and Discussions 
The Kunze and Dixon method for organic matter removal is not the most efficient as seen in 
Table 23, but it is a necessary compromise to avoid the destruction or alteration of the 
inorganic constituents in soils, which makes a direct comparison between pure soils and OM-
stripped ones inaccurate at best. This incomplete removal will be taken into account in the 
discussions that follow. XRD profiles of both sets of soils were compared (see Figure 111), 
and no significant changes to the structural integrity of the soils were observed. 
 
6.4.2.1  Effects of Organic Matter Removal on Physico-Chemical Properties of Soils 
As stated above and in Table 23 below, the organic matter contents of the soils were not 
completely removed by the gentle oxidation method employed as a result of incomplete 
oxidation. Notwithstanding, differences in behaviours for unaltered and OM-stripped soils 
can still be investigated, albeit, giving due consideration to this observation when analysing 
the results. Determining the changes in the physico-chemical properties such as CEC, pH and 
surface area of the soils resulting from the removal of organic matter will aid the 
understanding of their sorption behaviours.  
Table 23: Quantity of Organic Matter Removal 
Soils 
OM content before 
stripping 
 (% by weight) 
OM content after 
stripping 
(% by weight) 
OM Removed 
(% by weight ) 
Magodo 
Laterite 2.70 ± 0.04 1.59 ± 0.03 41.11 
Ikeja Loam 13.79 ± 0.89 7.20 ± 0.17 47.79 
London Clay 2.96 ± 0.02 1.87 ± 0.04 36.82 
Mercia 
Mudstone 0.84 ± 0.06 0.27 ± 0.19 67.86 
 
Tables 24 and 25 presents results for the comparison of these properties between unaltered 
and OM-stripped soils. Removal of organic matter does not alter the CEC of London Clay 
and Mercia Mudstone, but reduces those of Magodo Laterite by more than 25 % (4.39 to 3.05 
meq 100 g-1) and Ikeja Loam by almost 50 % (14.02 to 7.15 meq 100 g-1). These results are to 
be expected, except perhaps for London Clay. The percentage of organic matter removed 
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(47.8 wt %) from Ikeja Loam is almost equal to the reduction in its CEC (49 %), suggesting 
that the organic matter content of the Loam accounts for almost all of its CEC. Mercia 
Mudstone contains no significant amount of organic matter (0.84 wt %), therefore, even 
though about 68 % by weight is removed, the CEC remains unchanged after removal of 
organic matter. About 41 % by weight of the organic matter in the Magodo Laterite is 
removed, while its CEC suffered a 30 % reduction, confirming that a significant portion of its 
CEC is attributable to its organic matter content, even though this organic matter content is 
low (2.7 wt %). The London Clay has an organic matter content of about 3 % by weight, 
about 37 % of which was removed, however its CEC remained unchanged. This can be 
attributed to the increase (about 25 %) observed in its surface area. 
Table 24: Characterization of OM-stripped Soils 
Solid Phase 
CEC (meq 100 g-1) 
pH range 
Surface Area 
(m2 g-1) 
(475) (340) Avg Error Avg Error Avg Error 
 
London Clay 19.54 3.87 19.35 3.77 8.18 - 8.25 14.87 0.73 
London Clay - 
OM 19.95 3.47 20.11 3.47 7.55 – 7.64 18.47 0.82 
 
Mercia 
Mudstone 9.13 0.42 8.79 0.52 
8.94 – 9.01 9.75 0.6 
Mercia 
Mudstone - OM 9.13 0.50 9.01 0.51 
7.94 – 8.03 9.37 0.34 
 
Magodo Laterite 4.39 0.07 4.09 0.06 7.63 – 7.69 23.91 1.18 
Magodo Laterite 
- OM 3.05 0.11 2.20 0.03 
5.52 – 5.61  21.04 1.02 
 
Ikeja Loam 14.02 1.66 12.23 1.49 7.48 – 7.53 5.52 0.2 
Ikeja Loam - 
OM 7.15 0.34 5.88 0.33 
7.11 – 7.19 5.58 0.23 
 
The nature of exchangeable cations that account for the soils’ CECs as presented in Table 25 
show that calcium is the most readily exchanged cation, accounting for by far most of the lost 
CEC of the OM-stripped soils, except in in Magodo Laterite where sodium plays this role. 
Potassium follows calcium distantly as the next most readily exchanged cation, while the 
amounts of manganese available for exchange increases (excepting Magodo Laterite) with 
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the removal of organic matter, suggesting that hydrogen peroxide enters between the unit 
layers of the clays’ chemical structures, causing them to expand and cations in these 
interlayers to be more easily exchanged. 
The pHs of the OM-stripped soils were expectedly lower than those for the unaltered soils, as 
oxidation increases the net negative charges of the soils and therefore their pHs. This 
reduction in pH should have the effect of reducing the sorption capacity of the soils, however 
minimal. The surface areas measured for the OM-stripped soils remained mostly constant, 
except with the London Clay which showed about 25 % increase, and Laterite which showed 
a 12 % decrease (a result well within the experimental error limits).  
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Table 25: Comparison of Exchangeable Cations in Unaltered and OM-stripped Soils (ug g-1) 
Solid Phase Ca Na K Fe Mn Al Mg Cd Ni Sr Cs 
Ldn Cly 2393 332 296 1.29 3.45 7.68 651 7.57 4.36 15.68 3.64 
Ldn Cly - OM 2290 78.2 224 0.72 17.29 3.19 681 6.27 3.21 15.64 3.44 
            
Mrc Mdstn 1320 65.9 207 0.82 0.37 2.75 458 6.55 2.80 1.33 3.58 
Mrc Mdstn- OM 1206 43.8 139 0.68 6.34 2.61 395 6.49 2.74 1.07 3.42 
 
Mg Lt 1004 79.1 205 1.02 1.92 2.73 52.9 7.04 2.88 3.33 3.43 
Mg Lt - OM 703 73 134 0.88 1.55 2.58 28.4 6.83 2.52 2.30 3.38 
 
Ik Lm 2970 39.3 112 0.79 1.99 2.17 62.4 6.26 2.39 5.93 3.37 
Ik Lm-OM 1542 32.9 56.2 0.92 50.31 1.93 18.1 6.69 2.58 3.05 3.37 
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6.4.2.2  Adsorption 
As shown in Figures 105 and 106 (Figures in logarithmic scale), the removal of organic 
matter from the loam soil significantly reduces its ability to adsorb both cadmium and nickel, 
this is unsurprising since the loam is organic rich (13.8 % by wt.). Even though as much as 
7.2 % by weight of organic matter remains, a considerable reduction in sorption capacity is 
noticeable. This reduction in sorptive properties increases as pH increases (not clearly 
noticeable from the charts because they are in log scales, see appendix section), so not only 
does organic matter improve the sorptive properties of soils, its absence reduces the sorption 
enhancement that higher soil pHs bring about. Under alkaline conditions, deprotonation of 
carboxylate, phenolate and other acidic functional groups in organic matter provide cation-
binding sites that are readily accessible as the structure of organic matter also becomes more 
expanded and open. 
The laterite on the other hand shows little change in its sorption capacity after removal of 
organic matter, this is to be expected as it contains little organic content (2.7% by wt.).  
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Figure 105: Cadmium Sorption to Soils and OM-Stripped Soils 
 
 
Figure 106: Nickel Sorption to Soils and OM-Stripped  Soils 
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Figure 107: Strontium Sorption to Soils and OM-Stripped Soils 
 
Figure 107 illustrates the effect of organic matter removal on the sorption of strontium by 
London Clay and Mercia Mudstone. Generally, strontium binds poorly to both clay matrices, 
although it binds more to London Clay, its sorption is also relatively unaffected by pH. 
However the removal of organic matter clearly has an effect on strontium sorption to London 
Clay, it reduces it. The organic matter content of the London Clay was about 3 % by weight, 
of which about 37 % where removed, this and the reduction in its pH explain the reduction in 
its sorptive properties upon removal of organic matter. This is not the case with Mercia 
Mudstone, which contains very little organic content (< 1%), so perhaps, this is to be 
expected.  
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6.4.2.3  Desorption 
 
Figure 108: Cadmium Desorption from Soils and OM-Stripped Soils 
 
Cadmium and nickel are very well retained on both laterite and loam, with and without 
organic matter. However, the presence of organic matter improves retention of both metals as 
evident from Figures 108 and 109. While increasing alkalinity enhances the retention of both 
metals by the loams, the laterites’ retention for both cadmium and nickel reduces with 
increasing alkalinity up to pH 8 but is again enhanced at pH 9. 
This higher retention by the loams with increasing pH and that for the laterites at pH 9 is 
confirmation that organic matter not only aids sorption, under highly alkaline environmental 
conditions, play even more of a significant role in metal sorption and retention by soils. The 
loams retained both metals better than the laterites; nickel is also better retained by both sets 
of soils than cadmium.  
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Figure 109: Nickel Desorption from Soils and OM-Stripped Soils 
 
 
Figure 110: Strontium Desorption from Soils and OM-Stripped Soils 
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Figure 110 illustrates the effect of organic matter on the desorption or retention of strontium 
by London Clay and Mercia Mudstone.  Strontium not only binds poorly to both sets of 
materials, it is also poorly retained. As expected, retention of strontium is better with the 
unaltered clay matrices. Strontium desorption from London Clay stripped of organic matter is 
independent of pH, however when its’ organic matter content is unaltered, strontium retention 
reduces as alkalinity increases. Strontium retention by both sets of mudstones is more 
dependent on pH, reducing significantly with increasing alkalinity. 
 
6.5  Conclusions 
Although particular soils, clay minerals or soils and metals can be described as having 
generally poor sorption properties, they still exhibit preferential sorption affinities for 
particular metals or solid phases respectively. Magodo Laterite and strontium both have very 
poor sorption properties; while the laterite was the least preferred sorbent for all the sorbates, 
strontium was the least sorbed metal by all the soils and clay matrices. Although strontium is 
poorly sorbing and therefore highly mobile, it was best adsorbed by the Ikeja Loam, 
confirming its preferential sorption affinity for organic rich soils. 
The significance of soil constituent contribution to sorption behaviour is reiterated by the 
similar sorption affinities exhibited by the British clay soils (London Clay and Mercia 
Mudstone) and Nigerian soils (Magodo Laterite and Ikeja Loam) for the metals studied. Both 
British clay soils have affinity for the metals in the order Cs >> Cd ≈ Ni >> Sr, London Clay 
has the greater sorption capacity for all the metals, both contain similar amounts of clay 
minerals (London Clay 41.1% and Mercia Mudstone 38.2%), but differ in the composition 
of these minerals. The clay mineral content of Mercia Mudstone is almost entirely made up of 
illite while London Clay contains a mixture of smectite, illite and kaolinite with smectite 
being the most prevalent clay mineral phase. These confirm that smectite-rich clay systems 
will exhibit better sorption and retention capacities for metal contaminants. 
Both Nigerian soils showed the same order of affinity for all the metals Cd >> Ni >> Cs >> 
Sr, cadmium’s preferential sorption to kaolinite was observed in its greater sorption and 
retention by the Nigerian soils which are kaolinite-rich. This preferential sorption of 
cadmium by kaolinite is confirmed as its’ contribution to cadmium sorption is clearly evident 
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(backward forecast revealed that cadmium adsorption reduces as kaolinite content decreases), 
a trend not replicated with nickel as the sorbing metal.  
The presence of organic matter in soils or clay systems improves their metal sorption capacity 
significantly, especially true for insoluble organic matter, however its’ significance is reduced 
as pH increases.  The contribution of organic matter also depends on the sorption affinity of 
the metal for organic matter; metals such like strontium are more affected by organic matter 
presence. It is also evident that pH has no major effect on the sorption behaviour of London 
Clay and Mercia Mudstone but will reduce the influence of organic matter content at higher 
pHs. 
Very few studies have been carried out on the sorption behaviour of these clay soils, and 
definitely nothing as extensive is available in published literature. This study has provided a 
large set of data for the sorption and desorption behaviours of London Clay, Mercia 
Mudstone, and the Nigerian soils for cadmium, nickel, caesium and strontium over a wide 
range of metal concentrations. 
The approaches employed in this study have never been employed as extensively as carried 
out by this study. The use of the Standard Addition method to determine the contribution of 
kaolinite to the sorption behaviour of Laterite, and employing the Kunze and Dixon method 
to strip the soils of organic matter to investigate organic matter contribution to the soils’ 
sorption behaviours, as well as the extensive characterization of the altered and unaltered 
soils to determine the effect of soil constituents on their physicochemical properties are quite 
unique.  
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Chapter 7 
 
Testing the Additivity 
Principle on Magodo 
Laterite
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7.0 Testing the Additivity Principle on Magodo Laterite 
 
This section aims to understand the individual contributions of constituents of a Laterite soil 
to the overall sorption behaviour of the bulk material. 
 
This is achieved by determining the mineralogical composition of the laterite using phase 
quantification of powder XRD data through the ‘Reitveld Refinement method’, and 
reproducing the soil composition by preparing a mixture containing pure phases of the 
determined constituents in the same proportions. The batch sorption experiments of Cadmium 
and Nickel with the pure phases and the ‘synthetic’ laterite are then carried out. 
 
The individual Rd or Kd values for the pure phases are then weighted based on their 
proportions in the ‘natural’ laterite to calculate that for the ‘synthetic’ laterite. The sorption 
profiles for the ‘natural’ and ‘synthetic’ laterite, as well as that calculated ‘additively’ are then 
compared.  
 
The laterite soil was chosen for this study because it was the least complex of all the clay 
matrices, comprising mainly four constituent; kaolinite, quartz, goethite and hematite, these 
were used to prepare the ‘synthetic’ laterite 
 
To better understand the influence of each individual phase on the overall behaviour of the 
‘synthetic laterite’, the complexity of the mixture was increased step-wisely. The synthetic 
laterite is a four-component mixture of kaolinite, quartz, goethite and hematite. A two 
component mixture of kaolinite and quartz (Additive Mix 1), as well as a three component 
one of kaolinite, quartz and goethite (Additive Mix 2) were also prepared. Similar sorption 
experiments are carried out on these ‘additive mixtures’ and their obtained sorption profiles 
are compared with those calculated from the weighted sums of their constituents. 
 
These newly prepared mixtures and the individual phases were also characterized (pH, CEC, 
and BET surface area). 
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7.1   Materials and Method 
7.1.1  Preparation of ‘Synthetic Laterite’ and ‘Additive Mixtures’ 
The natural laterite contained Kaolinite (42.6 %), Quartz (47.2 %), Goethite (7.2%), Hematite 
(2.1%), and Anatase (0.9%). 20 g of synthetic laterite by weighing portions of kaolinite, 
quartz, goethite and hematite as detailed in Table 26. Details on the compositions of the 
‘additive mixtures’ are presented in Tables 27 and 28. The prepared mixtures were 
characterised as already described in Chapter 3 section 3.3-3.6. All mixtures were shaken 
mechanically on a rotary mixer for 1 hour every day for 3 days and left to age for 30 days, 
after which they were shaken again by hand before use. 
 
Table 26: Composition of Synthetic Laterite 
Constituent 
Proportion in ‘Natural’ 
Laterite 
Weight of 
Constituents (g) 
Proportion in 
‘Synthetic’ Laterite 
Quartz 47.2 9.5261 47.63 
Kaolinite 42.6 8.5976 42.99 
Goethite 7.2 1.4533 7.27 
Hematite 2.1 0.4241 2.12 
 
 
Table 27: Composition of 'Additive Mixture' 1 
Constituent Weight of Constituents (g) Proportion in ‘Additive Mixture 1’ 
Quartz 9.5259 52.56 
Kaolinite 8.5979 47.44 
 
 
Table 28: Composition of Additive Mixture 2 
Constituent Weight of Constituents (g) Proportion in ‘Additive Mixture 2’ 
Quartz 9.5299 48.67 
Kaolinite 8.5978 43.91 
Goethite 1.4534 7.42 
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7.1.2  Sorption Experiment 
Approximately 1 * 10-4 mol dm-3 solutions of Cd(NO3)2 and Ni(NO3)2 were prepared in situ 
with 0.01 mol dm-3 MES and CHES buffers, and 0.1 mol dm-3 NaClO4. Aliquots of the MES 
buffered solutions were adjusted to pH 5, 6 and 7, and CHES buffered solutions adjusted to 8 
and 9 with HNO3 and NaOH. 0.1 g of the single phases and mixtures were weighed into 50 
cm3 polyethylene centrifuge tubes, 20 cm3 of each of the pH adjusted Cd and Ni solutions 
were added to the tube, the pHs were adjusted and allowed to equilibrate for 7 days by 
shaking at 100 rpm on a mechanical shaker. The pHs of the solutions were monitored for the 
duration of the experiment and did not drift significantly (±0.05) after adjustment on the first 
day. 
After shaking, the samples were centrifuged at 6000 rpm for 20 minutes and the supernatants 
filtered through 0.45 µm disk filters. The concentrations of Cd and Ni were determined using 
ICP-OES after appropriate dilution and acidification. Rd values were obtained as usual. 
The overall Rd of a mixture is equal to a weighted sum of the distribution coefficients of each 
components, 𝑅𝑑𝑖  
 
𝑅𝑑 (mixture) = ∑𝑛𝑖∑𝑚𝑖 𝐶 = ∑𝑛𝑖𝑚 𝐶 = ∑𝑚𝑖𝑅𝑑𝑖 𝐶𝑚𝐶 = ∑ ƒ𝑖 𝑅𝑑𝑖    
 (Palmer, 1981) 
 
Where ∑𝑚𝑖 = m, ni is the moles of radionuclides or trace elements on solid components i, mi 
is the mass of component i and ƒi = mi /m. This equation is known as the ‘additivity rule’.
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7.2  Results and Discussions 
7.2.1  Summary of Characterization 
Table 29 lists the pH, CEC and surface areas of the single phases, their mixtures and the 
Natural Laterite. All except goethite have pHs in the neutral to slightly alkaline region, 
goethite exhibits the greatest alkalinity.  
They all also have very low CECs, kaolinite possessing the highest (6.73 meq 100 g-1). It is 
important to note the CECs of the ‘Additive Mixtures’ and the ‘Synthetic Laterite’ relative to 
their kaolinite contents. The kaolinite content of ‘Additive Mixture 1’ was about 53 %, that 
for ‘Additive Mixture 2’ was about 49 %, and about 48% in ‘Synthetic Laterite’, however, 
there is a disproportionality in the decrease observed in their CECs when compared with 
kaolinite contents, about 71 %, 77 % and 74 % respectively. Assuming that the other 
components of the mixtures contributed no CEC, only about a 50 % reduction would be 
expected. This suggests that the mixing of Kaolinite with Quartz especially, goethite and 
hematite results in the formation of new phase(s) with less readily exchangeable cations. This 
goes against critical assumptions (that no new phases are formed and no interactions exist 
between the individual phases of a mixture) to the applicability of the Additivity Principle.    
Table 29: Characterization of Mixtures 
Solid Phase 
CEC (meq 100 g-1) 
pH range 
Surface Area 
(m2 g-1) 
(475) (340) Avg Error Avg Error Avg Error 
 
Kaolinite 6.73 0.12 6.32 0.14 7.76 – 7.84 10.70 0.16 
Quartz 0.43 0.03 0.67 0.03 7.38 – 7.46 0.86 0.03 
Hematite 0.23 0.17 0.36 0.17 6.98 – 7.03 1.06 0.03 
Goethite 0.70 0.14 0.54 0.10 8.94 – 9.01 8.39 0.22 
 
Additive Mixture 1 1.98 0.43 1.72 0.40 7.01 - 7.07 5.11 0.2 
Additive Mixture 2 1.59 0.16 1.24 0.44 7.13 – 7.22 5.44 0.23 
Synthetic Laterite 1.75 0.23 1.56 0.20 7.19 – 7.26 5.30 0.13 
Natural Laterite 4.39 0.07 4.09 0.06 7.63 – 7.69 23.91 1.18 
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It is also important to note the CEC for the Natural Laterite (4.39 meq 100g-1) is more than 
double that for the Synthetic Laterite (1.75 meq 100g-1).  
The surface area measured for kaolinite was 10.7 m2 g-1, with about half of this value 
measured for all of the mixtures. This shows proportionality in the measured surface areas of 
the mixtures relative to their kaolinite contents, since all of the mixtures were made up of 
about 50 % kaolinite. The Natural Laterite (23.91 m2 g-1) however, has a far greater surface 
area  (more than four times greater) than the Synthetic Laterite (5.30 m2 g-1). This larger 
surface area can be attributed to the phenomenon of ‘ageing’, a natural process of wear and 
tear which results from the weathering of natural systems.  
The results presented in Table 30 compare the nature of exchangeable cations and their 
quantities, present in the single phases, their mixtures and the Natural Laterite. They show 
that sodium accounts for almost of the exchangeable cations present in kaolinite and therefore 
its CEC, with calcium, potassium and magnesium contributing to a lesser extent. All of the 
other single phases (Quartz, Hematite and Goethite) possess very little exchangeable cations, 
with only goethite having some significant exchangeable cations in sodium. It is important to 
note that in the mixtures (includes the Synthetic Laterite), almost all of the exchangeable 
sodium and calcium, as well as about half of the potassium in the kaolinite are lost. This not 
only accounts for the low CEC measured for these mixtures, but also confirms that the 
mixing of kaolinite with quartz, goethite and hematite results in the formation of new 
phase(s) with less readily exchangeable cations. This results show that the less sodium is 
available for exchange in the mixtures. 
It is also important to note that unlike with the Synthetic Laterite, most of the exchangeable 
cations in the Natural Laterite are calcium ions. None of the solid phases contains any 
significant amounts of the metals of interest in this study. 
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Table 30: Comparison of Exchangeable Cations in Single Phase Mixtures and Natural Laterite (ug g-1) 
Solid Phase Ca Na K Fe Mn Al Mg Cd Ni Sr Cs 
 
Kaolinite 114 1354 115 1.16 1.56 2.02 96.5 6.59 2.41 0.25 13.6 
Quartz 15.2 67.3 55.5 1.15 1.36 1.71 4.85 7.03 2.54 0.52 3.36 
Hematite 42.1 38.6 48.9 1.01 0.11 0.31 6.59 7.13 2.53 20 3.63 
Goethite 8.71 218 41.7 1.34 0.06 0.36 6.63 7.03 2.41 0.36 3.43 
 
Additive Mixture 1 122 76.5 68.4 1.35 2.02 0.32 99.44 7.09 2.42 1.68 5.35 
Additive Mixture 2 147 88.4 63.4 1.88 1.25 0.38 90.21 6.96 2.34 1.42 4.28 
Synthetic Laterite 167 0 59.9 1.94 1.09 0.30 85.62 6.93 2.46 2.92 4.63 
Natural Laterite 1004 79.1 205 1.02 1.92 2.73 52.9 7.04 2.88 3.33 3.43 
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Figure 111: XRD Profile for Synthetic and Natural Laterite 
 
The XRD profiles of the ‘Natural’ and ‘Synthetic’ laterites are compared in Figure 111. It 
shows good match between both materials. 
 
7.2.2  Sorption to Single Phases and ‘Synthetic’ Laterite 
Figures 112 and 113 provide insights on the sorption of cadmium and nickel to the single 
phases that make up the synthetic laterite, and therefore their influence on the sorption 
behaviour of the mixture. Generally sorption affinity for the metals increases in the order, 
quartz < hematite < kaolinite < ‘synthetic’ laterite < goethite. This shows that goethite is the 
most significant contributor to the sorption capacity of laterite, even though it makes up only 
about 7% of its composition. This is perhaps surprising given that goethite (0.7 meq 100g-1) 
has very low CEC, however its higher alkalinity and surface area provide justification for its 
greater sorption capacity. 
Natural Laterite 
Natural laterite – OM 
Synthethic Laterite 
[46-1045] Quartz 
[14-164] Kaolinite-1A 
[70-3754] Illite 
[33-664] Hematite 
[29-713] Goethite 
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Figure 112: Cadmium Sorption to Single Phases and 'Synthetic' Laterite 
 
 
Figure 113: Nickel Sorption to Single Phases and 'Synthetic' Laterite 
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It also appears that at higher pH (>9), kaolinite contributes significantly more to the sorption 
of cadmium. Nickel generally is generally more sorbing than cadmium to all the phases 
studied. 
 
7.2.3  Sorption to ‘Natural’ and ‘Synthetic’ Laterite 
Figures 114 and 115 compare the cadmium and nickel sorption profiles for natural laterite, 
with those obtained for the Synthetic Laterite experimentally and calculated using the 
‘additivity’ equation.  It is interesting to note that both laterites (synthetic and natural) exhibit 
different sorption behaviours with cadmium and nickel. The natural laterite has greater 
affinity than the synthetic laterite for cadmium at pH 5-7 but this is reversed at pH 8 and 9.  
On the other hand, nickel sorption to natural laterite is lower than that for synthetic laterite at 
pH 5 and 6, but higher at 7 and 8, and lower again at pH 9. 
 
 
Figure 114: Comparison Cd Sorption to Natural and Synthetic Laterite 
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Figure 115: Comparison Ni Sorption to Natural and Synthetic Laterite 
 
In the test for adherence to the ‘additivity rule’, the experimental and calculated sorption 
profiles for synthetic laterite are compared. For both metals, the experimentally obtained and 
calculated sorption profiles follow the same trend, but it is clear that sorption is under-
predicted by the model for both metals, but only slightly (within an order of magnitude in 
almost all cases).  
One reason for this observation is that the Natural Laterite (23.91 m2 g-1) has a far greater 
surface area  (more than four times greater) than the Synthetic Laterite (5.30 m2 g-1), and 
therefore possesses significantly more possible sites available for metal sorption. Another 
reason being that, while Additivity principle assumes that there are no interactions between 
individual minerals in the soil and no formation of new phases, these are very likely to have 
occurred as has been discussed in Chapter 7 section 7.2.1. The disproportionality in the 
decrease observed in the CECs of the Synthetic Laterite when compared with its kaolinite 
contents suggests that the mixing of kaolinite with quartz especially, goethite and hematite 
results in the formation of new phase(s) with less readily exchangeable cations. This has been 
corroborated by the mixed phase results that will be presented in the following section. 
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7.2.4  Sorption to Mixed Phases 
Figures 116 and 117 illustrate the sorption of cadmium and nickel to mixtures of increasing 
complexity. By slowly increasing the complexity of the mixed phases, it is possible to glean 
detailed insight on the dynamic nature of sorption in such systems.  
For cadmium, sorption was typically lowest to kaolinite until pH 9. Upon the introduction of 
quartz, sorption was greatly increased across the entire pH range, which is counter-intuitive 
since quartz has the least affinity for cadmium of all the single phases (see Figure 113), as 
well as possessing very low CEC (0.43 meq 100g-1) and surface area (0.86 m2 g-1).  
When goethite is added to the mixture, sorption would be expected to increase slightly since 
goethite is highly sorbing of cadmium and has a greater surface area than quartz. A slight 
increase was observed at pH 5-7 but a significant decrease at pH 8-9, changing the sorption 
behaviour of the phase mixture.  
 
 
Figure 116: Cadmium Sorption to Mixed Phases 
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The introduction of hematite considering its very low proportion (2.12 wt %) in the mixture, 
low CEC (0.7 meq 100g-1) and surface area (1.06 m2 g-1), as well as low sorption capacity 
was expected to lead to a very slight decrease in sorption measured, however, that decrease 
was only observed from pH 5-7, at pH 8-9 sorption was markedly increased. 
The observations discussed above show the complexity of the chemistry in the systems that 
are created when seemingly simple mixtures of single phases are made. The physico-
chemical properties of these individual phases are not retained in solution, the phases interact 
to create new phases with chemistries that do not reflect the simple addition of their 
properties. This explains the disparity observed between the experimentally obtained and 
calculated sorption profiles for the Synthetic Laterite.  
 
Figure 117: Nickel Sorption to Mixed Phases 
 
With nickel, sorption by kaolinite was the least at all pHs, as shown in Figure 117. Again, the 
introduction of quartz increases the sorption of nickel as observed for cadmium. The expected 
slight increase in sorption was observed when goethite is added to the mixture, and is more 
appreciable at pH 5-7. The expected very slight decrease in sorption after the introduction of 
hematite was also observed, but only between pH 5-7, and similar to cadmium a significant 
increase in sorption at pH 8-9. 
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These observations clearly indicate a few things. First, there are interactions between the 
kaolinite and quartz phases, which produces new phase(s) in solution. These new phase(s) 
have greater sorption capacities than the sum of both phases. The introduction of goethite and 
hematite was accompanied by the expected increase and decrease respectively in sorption 
capacity on between pH 5-7; this suggests that alkaline conditions cause a change in their 
interactions with the kaolinite/quartz mixture. Oxides and hydroxides of iron are known to 
form coatings on soil particles and bonding between particles, changing the surface properties 
of these particles (34). 
 
7.2.5  Step-wise Investigation of Additivity 
For the ‘Additivity Principle’ to hold, it is assumed that no new phases are formed and no 
interactions exist between constituents of a mixture. In principle, additivity should hold for 
simple mixtures (two components) and begin to show deviation as complexity is increased. 
Figures 118 and 119 investigate these by observing changes in sorption behaviour of 
mixtures as complexity is step-wisely increased; it is evident that deviation from additivity 
was encountered in the first and simplest mixture. The addition of quartz to kaolinite 
produced a mixture (additive mixture 1) with greater sorption capacity (for cadmium and 
nickel) than the sum of its individual components. 
The magnitude of the difference between the calculated and experimental sorption profiles 
decreased upon the introduction of goethite and subsequently hematite, this confirms that the 
kaolinite/quartz interaction was the main contributor to the deviation from additivity. 
Investigating the nature of phases formed in solution of the kaolinite/quartz mixture would be 
an interesting area of work to pursue in the future.  
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 Figure 118: Experimentally determined and calculated sorption of Cd to Additive Mixtures 
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Figure 119: Experimentally determined and Calculated Sorption of Ni to Additive Mixtures 
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7.3  Conclusions 
The overall sorption behaviour of complex systems such as soils is difficult to attribute to 
their individual constituents. The laterite soils can be considered a relatively simple soil 
system containing only four constituents in significant quantities, yet it is difficult to replicate 
its sorption behaviour using a proportioned mixture of its constituent phases. Although it is 
possible to attribute the difference in sorption behaviours observed for the natural and 
‘synthetic’ laterite to the phenomenon of ‘ageing’ that occurs in weathered systems, it would 
be erroneous to do so since the additively calculated sorption profiles for the synthetic laterite 
were also different from those obtained experimentally.  
In reality, systems with more complex chemistries are created when mixtures of seemingly 
simple single phases are made, the physico-chemical properties of the individual phases are 
not retained in solution, the phases interact to create new phases with chemistries that do not 
reflect the simple ‘addition’ of their properties. 
One of the most important causes for this difficulty in simulating natural systems is the 
occurrence of solute-solute interactions between constituent phases that are complex to 
identify, isolate and study. Some proof of this is found in the fact that while it is clear that 
goethite has the greatest sorption capacity of the pure phases, with quartz and hematite 
having the least, the introduction of quartz during the step-wise increase in complexity of 
mixtures causes change that can be considered as counterintuitive. Since quartz is less 
sorbing than kaolinite, it would be expected to reduce the sorption capacity in a 
kaolinite/quartz mixture. However, the reverse is the case, in fact sorption is increased by up 
to an order of magnitude between calculated and experimental determinations, and even up 
wards of three orders of magnitude greater at pH 8 in the kaolinite/quartz-Cd system. 
Very few studies have investigated the additivity principle in soil sorption studies using batch 
experiments, and none of these have attempted to prepare a synthetic soil as complex as 
Laterite. By investigating the sorption behaviours of single phases and subsequently 
determining the sorption behaviour of increasingly complex mixtures of these phases, the 
study has shown that more complex chemistries are created than can be predicted from 
knowledge of the single phases’ chemistries. 
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8.0 Final Conclusions and Further Work 
 
8.1 Final Conclusions 
There were three broad objectives in this study. These objectives have been achieved and 
conclusions reached. 
• The first was to investigate binary and ternary sorption systems, with the aim to 
understand the effects that factors such as pH, ionic strength, organic matter and metal 
concentrations, have on sorption of simple clay minerals (bentonite and kaolinite) 
with metals (cadmium, caesium, nickel and strontium).  
  
• The second was to investigate the retention of metals by well-characterised organic-
rich and organic-poor clay soils, breaking them down to their individual components 
to help understand the effects of each component separately and determine if the 
‘additivity’ principle holds for these metal-clay soil systems.  
 
• The study also sought to determine the relationship between the natural organic matter 
(NOM) content and cation exchange capacity (CEC) of the soils and how these affect 
the mobility of the metals, while also considering the relative importance of the 
speciation of the metals. 
The investigations presented in this thesis found that  sorption of dissolved organic matter to 
clay minerals is very dependent on pH; this dependence is greater with increasing 
concentration of organic matter. Under alkaline conditions, the maximum sorption capacity is 
quickly attained due to electrostatic repulsion of negatively charged clay mineral surfaces and 
the many acidic groups present in humic acid. The formation of metal-humate complexes is 
dependent on the nature of the metal and the pH at which complexation occurs. Caesium 
exhibits no discernible sorption to humic acid, cadmium sorption is enhanced by increasing 
alkalinity, nickel sorption is mostly unaffected by pH except in higher concentrations of 
humic acid and enhanced only under very low concentrations of humic acid, while strontium 
sorption to humic acid is reduced with increasing alkalinity.  
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The effect of strongly acidic conditions on sorption of metals to clay minerals is 
overwhelming and can completely dominate other factors affecting sorption such as ionic 
strength. Caesium and strontium bind poorly to bentonite in acidic conditions, strontium more 
so than caesium, but unlike with caesium, ionic strength effects on strontium sorption still 
exist and are discernible even under these conditions. Increasing alkalinity has the expected 
effect of increasing sorption capacity of bentonite for both metals, although caesium sorption 
is more irreversible because of its small cationic radius and low hydration energy that 
produces interlayer dehydration and layer collapse ensuring that caesium ions are fixed in 
interlayer positions. 
Cadmium and nickel both possess greater sorption affinity for kaolinite than caesium and 
strontium, while increasing alkalinity improves the sorption of all of the metals studied to 
kaolinite except caesium. Nickel has the greatest affinity for kaolinite under acidic 
conditions, and cadmium the least. However, cadmium sorption is the most pH dependent as 
its sorption is markedly improved with increased alkalinity. Cadmium is also poorly retained 
by kaolinite in acidic conditions but its retention improves with increasing alkalinity, nickel 
on the other hand is very well retained under both acidic and neutral conditions. Caesium is 
well retained and unaffected by changing alkalinity while strontium is best retained in acidic 
conditions. 
The presence of humic acid can enhance or suppress sorption, this varies from metal to metal  
and from  solid to solid. The degree of enhancement or suppression also depends on humic 
acid concentration. Humic acid suppresses the sorption of caesium to bentonite but enhances 
the sorption of strontium; strontium sorption increasing with an increase in humic acid 
concentration. Although the presence of humic acid enhances cadmium and nickel sorption to 
kaolinite, low humic acid concentration provides the best conditions for maximum sorption 
of both metals. Increased concentrations of humic acid provide a reduced sorption 
enhancement effect and eventually sorption is suppressed at higher humic acid 
concentrations.  High concentrations of humic acid lead to colloid formation which block 
access of metals with larger hydration radii to sorption sites while also encouraging the 
formation of humic acid-metal complexes.  
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The retention of caesium and strontium by bentonite in the presence of organic matter reveals 
the difference in the nature of binding of both metals. Although caesium sorption is 
suppressed in the presence of humic acid, it is much better retained than strontium. The 
presence of humic acid inhibits caesium binding and retention, which reduces with increasing 
alkalinity. The reverse is the case with strontium whose retention is very poor but improved 
in the presence of humic acid and increasing pH. Both caesium and strontium are poorly 
sorbed and retained by kaolinite with strontium slightly better retained, but their retention 
improves with increasing humic acid concentration and pH. Cadmium and nickel also exhibit 
poor retention to kaolinite but their retentions are more improved under alkaline conditions 
and higher humic acid concentrations, nickel more so than cadmium. 
Soils exhibit preferential sorption affinities for particular metals. Magodo Laterite and 
strontium both have very poor sorption properties; while the laterite was the least preferred 
sorbent for all the sorbates, strontium was the least sorbed metal by all the soils. The 
significance of soil constituent contribution to sorption behaviour is reiterated by the similar 
sorption affinities exhibited by the British clay soils (London Clay and Mercia Mudstone) 
and Nigerian soils (Magodo Laterite and Ikeja Loam) for the metals studied. 
Both British clay soils have affinity for the metals in the order Cs >> Cd ≈ Ni >> Sr. London 
Clay has the greater sorption capacity for all the metals, confirming that smectite-rich clay 
systems exhibit better sorption and retention capacities than illite-rich ones for metal 
contaminants. Both Nigerian soils showed the same order of affinity for all the metals Cd >> 
Ni >> Cs >> Sr, confirming cadmium’s preferential sorption to kaolinite. This preferential 
sorption of cadmium by kaolinite was also confirmed by the standard addition experiment, 
where kaolinite contribution to cadmium sorption is clearly evident (backward forecast 
revealed that cadmium adsorption reduces as kaolinite content decreases), a trend not 
replicated with nickel as the sorbing metal.  
The presence of organic matter in soils or clay systems improves their metal sorption capacity 
significantly, this is especially true for insoluble organic matter, however, this improvement 
in metal sorption capacity is reduced as pH increases.  The contribution of organic matter also 
depends on the sorption affinity of the metal for organic matter; metals such like strontium 
are more affected by organic matter presence. Although strontium is poorly sorbing, it was 
best adsorbed by the Ikeja Loam, which confirms its preferential sorption affinity for organic 
rich soils. Organic matter content of soils contributes significantly to their cation exchange 
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capacities, this especially true for organic-rich soils. The percentage of organic matter 
removed from the Ikeja Loam is almost equal to the reduction in its CEC, confirming that the 
organic matter content of the Loam accounts for almost all of its CEC. About 41 % by weight 
of the organic matter in the Magodo Laterite is removed, while its CEC suffered a 30 % 
reduction, confirming that a significant portion of its CEC is attributable to its organic matter 
content. 
The overall sorption behaviour of complex systems such as soils is difficult to attribute to 
their individual constituents. Systems with more complex chemistries than the sums of their 
parts are created when mixtures of seemingly simple single phases are made. The physico-
chemical properties of the individual phases are not retained in solution, the phases interact to 
create new phases with chemistries that do not reflect the simple addition of their properties. 
One of the most important causes for this difficulty in simulating natural systems is the 
occurrence of solute-solute interactions between constituent phases that are complex to 
identify, isolate and study. Some proof of this is found in the fact that while it is clear that 
goethite has the greatest sorption capacity of the pure phases, with quartz and hematite 
having the least, the introduction of quartz during the step-wise increase in complexity of 
mixtures causes change that can be considered as counterintuitive. Since quartz is less 
sorbing than kaolinite, it would be expected to reduce the sorption capacity in a 
kaolinite/quartz mixture. However, the reverse is the case, in fact sorption is increased by up 
to an order of magnitude between calculated and experimental determinations, and even up 
wards of three orders of magnitude greater at pH 8 in the kaolinite/quartz-Cd system. 
By covering an extensive range of environmental conditions, this set of studies has provided 
a better understanding of the inter-relationships between these conditions and their effects on 
sorption, and added a large pool of distribution ratio values to what exists in literature. The 
study has also unlike many others collected data on the desorption behaviour of metal-clay 
mineral systems in a wide range of environmental conditions; these have yielded new and 
detailed information on the reversibility of metal sorption to these clay minerals.  
The study has also provided further insights into the sorption enhancement and suppression 
role played by humc acid, the sorption-suppressing effect of humic acid when present in very 
high concentrations, and valuable data on the sorption behaviour of important soils, as well as 
also demonstrating the difficulty of predicting the soprtion behaviour of soils from the 
sorption behaviours of individual pure phases of its constituents. 
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 8.2 Further Work 
In spite of the large area of work covered by this study, further areas of work have been 
identified that can add to the understanding of the subjects investigated. This work would 
benefit from the following. 
I. Analysis of sorption data using surface complexation models (SCMs). This family of 
models are generally more robust in application over variable geochemical conditions 
than empirical models because they adopt a more mechanistic approach to adsorption. 
This makes them more complex as more parameters are required to accommodate 
their complexity.  
 
II. Characterization of solid phases before and after sorption, using scanning electron 
microscopy (SEM) in order to obtain microscopic information on the surface 
properties of the solid phases and the nature of sorption. For example, by studying the 
changes in surface properties resulting from treatment of soils such as removal of 
organic matter, a fuller understanding of its effect on sorption can be gained. 
Additionally, by comparing the surface properties of the synthetic and natural laterite 
before and after sorption may provide reasons behind the non-alignment of their 
sorption profiles and allow for a better understanding of their sorption behaviours.  
 
III. Investigating the effect of ‘Ageing’ on the sorption behaviour of the synthetic laterite. 
The CEC and surface area of the natural laterite were significantly greater than those 
of the synthetic laterite; these have been attributed to the mechanical wear and tear 
that the natural laterite experienced. Investigations to determine whether the synthetic 
laterite can be artificially weathered are required to examine if this would improve its 
sorption capacity.   
 
IV. Investigating the formation of new phases in the mixtures of the single phases. When 
kaolinite and quartz were mixed, the CEC of the resultant mixture was significantly 
lower than would have been expected given the CECs of the kaolinite and quartz 
XRD and SEM studies are required to investigate the formation of new phases in this 
and other mixtures. 
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V. Investigate the sorption behaviour of illite and smectite to understd the effect of pH, 
organic matter concentration and ionic strength. This study extensively investigated 
the sorption behaviours of bentonite and kaolinite, it would be beneficial to repeat 
these experiments for illite and smectite since both are major constituents of the 
British soils. These investigations can also be repeated for the iron oxide and 
oxyhydroxide (goethite and haematite) as both are significant constituents of the 
lateritic soil.  
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Kinetics of Cs sorption to Bentonite 
Contact Time (hours) Initial Conc. (mol/dm3) Conc. Of free Cs (moles/ml) Bound Cs (moles/g) Rd (ml/g) Mean Rd (ml/g) 
Freundlich Parameters 
n k R 
1 
1.00E-02 7.74E-06 4.40E-04 56.90 
56.90 0.93  
28.44 
 
0.999 
 
1.00E-04 7.32E-08 5.27E-06 72.33 
1.00E-06 5.74E-10 8.30E-08 144.57 
1.00E-08 4.98E-12 9.68E-10 194.54 
1.00E-10 4.30E-14 1.10E-11 257.10 
1.00E-12 5.03E-16 9.71E-14 193.88 
 
2 
1.00E-02 7.63E-06 4.57E-04 59.99 
59.89 0.94 31.77 0.9995 
1.00E-04 7.29E-08 5.29E-06 72.57 
1.00E-06 6.17E-10 7.53E-08 122.44 
1.00E-08 5.30E-12 9.15E-10 172.72 
1.00E-10 4.83E-14 1.02E-11 214.46 
1.00E-12 4.96E-16 9.88E-14 201.04 
 
4 
1.00E-02 7.92E-06 4.08E-04 51.76 
51.27 0.94 32.09 0.9991 
1.00E-04 7.05E-08 5.65E-06 80.54 
1.00E-06 5.84E-10 8.20E-08 140.80 
1.00E-08 5.40E-12 8.90E-10 165.24 
1.00E-10 5.01E-14 9.76E-12 196.89 
1.00E-12 5.10E-16 9.54E-14 189.29 
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Contact Time (hours) Initial Conc. (mol/dm3) Conc. Of free Cs (moles/ml) Bound Cs (moles/g) Rd (ml/g) Mean Rd (ml/g) 
Freundlich Parameters 
n k R 
24 
1.00E-02 7.42E-06 4.96E-04 66.92 
66.76 0.95 44.49 0.9997 
1.00E-04 6.57E-08 6.69E-06 101.73 
1.00E-06 6.04E-10 7.69E-08 127.32 
1.00E-08 5.45E-12 8.82E-10 162.39 
1.00E-10 4.84E-14 1.01E-11 207.92 
1.00E-12 5.03E-16 9.54E-14 191.07 
 
48 
1.00E-02 7.20E-06 5.38E-04 74.88 
74.61 0.96 50.57 0.9996 
1.00E-04 6.52E-08 6.80E-06 106.27 
1.00E-06 6.01E-10 7.75E-08 129.03 
1.00E-08 5.43E-12 8.84E-10 162.79 
1.00E-10 4.92E-14 9.90E-12 201.26 
1.00E-12 5.08E-16 9.45E-14 186.19 
 
72 
1.00E-02 7.21E-06 5.40E-04 75.01 
74.93 0.95 45.57 0.9997 
1.00E-04 6.47E-08 6.85E-06 106.06 
1.00E-06 6.01E-10 7.68E-08 128.11 
1.00E-08 5.44E-12 8.89E-10 163.61 
1.00E-10 4.71E-14 1.03E-11 219.83 
1.00E-12 5.19E-16 9.28E-14 178.70 
 
144 
1.00E-02 7.22E-06 5.44E-04 75.32 
75.32 0.96 53.64 0.9997 
1.00E-04 6.61E-08 6.58E-06 99.72 
1.00E-06 6.03E-10 7.65E-08 127.27 
1.00E-08 5.72E-12 8.39E-10 148.03 
1.00E-10 5.16E-14 9.41E-12 183.79 
1.00E-12 5.38E-16 9.06E-14 168.73 
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Kinetics of Caesium sorption to Bentonite 
Contact 
Time 
(HOURS) 
1 2 4 24 
Initial Cs 
conc. 
(mol/dm3) 
Initial 
Bound Cs 
(moles/g) 
Desorbed 
Cs 
(moles/g) 
% 
Desorbed 
Initial 
Bound Cs 
(moles/g) 
Desorbed 
Cs 
(moles/g) 
% 
Desorbed 
Initial 
Bound Cs 
(moles/g) 
Desorbed 
Cs 
(moles/g) 
% 
Desorbed 
Initial 
Bound Cs 
(moles/g) 
Desorbed 
Cs 
(moles/g) 
% 
Desorbed 
1.00E-02 4.05E-03 2.16E-03 53.29 4.40E-03  2.35E-03  53.67  4.24E-03  2.37E-03  61.23  4.54E-03  2.52E-03  57.67  
1.00E-04 6.93E-05 4.09E-05 58.99 6.27E-05  4.35E-05  69.70  7.02E-05  4.26E-05  60.74  6.98E-05  4.69E-05  67.23  
1.00E-06 9.40E-07 4.36E-07 46.44 9.24E-07  4.41E-07  47.78  9.34E-07  4.48E-07  48.06  9.31E-07  4.80E-07  51.63  
1.00E-08 1.04E-08 4.39E-09 42.25 1.02E-08  4.19E-09  41.23  9.31E-09  4.79E-09  51.67  8.39E-09  5.46E-09  60.44  
1.00E-10 8.94E-11 4.43E-11 49.56 9.38E-11  4.60E-11  49.09  9.37E-11  4.81E-11  51.29  9.30E-11  4.97E-11  53.48  
1.00E-12 1.19E-12 4.38E-13 36.81 1.16E-12  5.00E-13  43.43  1.17E-12  4.81E-13  40.98  1.16E-12  4.99E-13  42.91  
 
Contact Time 
(HOURS) 48 72 144 
Initial Cs conc. 
(mol dm-3) 
Initial Bound Cs 
(moles/g) 
Desorbed Cs 
(moles/g) 
% 
Desorbed 
Initial Bound Cs 
(moles/g) 
Desorbed Cs 
(moles/g) 
% 
Desorbed 
Initial Bound Cs 
(moles/g) 
Desorbed Cs 
(moles/g) 
% 
Desorbed 
1.00E-02 4.07E-03 2.21E-03 54.86 4.03E-03 2.23E-03 55.79 4.19E-03 2.23E-03 53.41 
1.00E-04 6.89E-05 4.28E-05 62.17 7.50E-05 4.27E-05 56.91 6.54E-05 4.42E-05 67.87 
1.00E-06 9.14E-07 4.49E-07 49.16 9.23E-07 4.47E-07 48.57 8.81E-07 4.49E-07 50.92 
1.00E-08 9.41E-09 4.26E-09 45.50 9.50E-09 4.46E-09 47.02 9.23E-09 4.83E-09 52.95 
1.00E-10 9.23E-11 4.67E-11 50.63 8.91E-11 4.72E-11 53.08 9.82E-11 4.86E-11 50.17 
1.00E-12 1.14E-12 4.09E-13 35.83 1.14E-12 4.20E-13 36.80 9.83E-13 4.66E-13 48.49 
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 Caesium Sorption to bentonite at pH 4 
  Freundlich Parameters 
Ionic strength 
(mol/L) 
Initial Cs Conc 
(mol/L) 
Free Cs 
(moles/ml) 
Bound Cs 
(moles/g) 
Rd 
(ml/g) % adsorbed n log k k R 
0.01 
1.00E-02 6.72E-06 6.35E-04 94.70 32.78 
0.970 1.878 75.45 0.9899 
1.00E-04 6.14E-08 7.47E-06 121.67 38.58 
1.00E-06 5.26E-10 9.19E-08 170.82 47.39 
1.00E-08 5.29E-12 9.19E-10 174.10 47.11 
1.00E-10 4.91E-14 9.79E-12 199.27 50.86 
1.00E-12 5.14E-16 9.56E-14 186.48 48.60 
 
0.05 
1.00E-02 7.21E-06 5.48E-04 81.47 27.93 
0.950 1.668 46.53 0.9822 
1.00E-04 6.47E-08 6.84E-06 105.89 35.25 
1.00E-06 5.71E-10 8.39E-08 147.44 42.86 
1.00E-08 5.07E-12 9.62E-10 191.05 49.34 
1.00E-10 4.56E-14 1.06E-11 233.23 54.43 
1.00E-12 4.60E-16 1.06E-13 230.38 53.99 
 
0.1 
1.00E-02 7.19E-06 5.53E-04 77.12 28.11 
0.955 1.673 47.05 0.9877 
1.00E-04 6.74E-08 6.30E-06 93.85 32.64 
1.00E-06 5.95E-10 7.88E-08 132.68 40.47 
1.00E-08 5.46E-12 8.96E-10 164.32 45.42 
1.00E-10 4.98E-14 9.86E-12 200.71 50.24 
1.00E-12 4.91E-16 1.00E-13 205.85 50.93 
 
0.2 
1.00E-02 7.20E-06 5.55E-04 77.45 28.04 
0.958 1.668 46.57 0.9844 
1.00E-04 7.05E-08 5.77E-06 81.90 29.47 
1.00E-06 6.26E-10 7.28E-08 116.55 37.45 
1.00E-08 5.47E-12 8.88E-10 162.57 45.33 
1.00E-10 5.39E-14 8.98E-12 166.97 46.13 
1.00E-12 5.18E-16 9.48E-14 182.96 48.20 
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Caesium Sorption to bentonite at pH 7 
 Freundlich Parameters 
Ionic strength 
(mol/L) 
Initial Cs Conc 
(mol/L) 
Free Cs 
(moles/ml) 
Bound Cs 
(moles/g) 
Rd 
(ml/g) % adsorbed n log k k R 
0.01 
1.00E-02 5.89E-06 7.96E-04 135.10 41.06 
0.951 2.068 117.02 0.9995 
1.00E-04 3.52E-08 1.28E-05 362.28 64.79 
1.00E-06 2.95E-10 1.38E-07 468.26 70.45 
1.00E-08 2.81E-12 1.39E-09 493.78 71.87 
1.00E-10 2.82E-14 1.29E-11 495.36 71.85 
1.00E-12 2.53E-16 1.46E-13 579.88 74.67 
 
0.05 
1.00E-02 6.35E-06 7.12E-04 112.14 36.51 
0.952 1.925 84.09 0.9999 
1.00E-04 4.48E-08 1.07E-05 239.90 55.20 
1.00E-06 4.17E-10 1.15E-07 275.87 58.30 
1.00E-08 3.92E-12 1.19E-09 303.47 60.77 
1.00E-10 3.63E-14 1.27E-11 349.04 63.68 
1.00E-12 3.18E-16 1.34E-13 425.65 68.19 
 
0.1 
1.00E-02 6.55E-06 6.64E-04 101.46 34.52 
0.973 2.004 101.00 0.9983 
1.00E-04 4.99E-08 9.90E-06 169.84 46.07 
1.00E-06 4.85E-10 1.01E-07 209.20 51.48 
1.00E-08 4.70E-12 1.04E-09 221.49 53.00 
1.00E-10 4.55E-14 1.06E-11 235.53 54.52 
1.00E-12 4.82E-16 1.03E-13 213.58 51.76 
 
0.2 
1.00E-02 6.75E-06 6.37E-04 94.43 32.48 
0.975 1.912 81.70 0.9958 
1.00E-04 5.98E-08 7.86E-06 131.48 40.23 
1.00E-06 5.59E-10 8.60E-08 153.77 44.05 
1.00E-08 5.08E-12 9.43E-10 185.70 49.21 
1.00E-10 5.26E-14 9.22E-12 184.65 47.37 
1.00E-12 5.25E-16 9.13E-14 176.31 47.53 
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Caesium sorption bentonite at pH 10 
 Freundlich Parameters 
Ionic strength 
(mol/L) 
Initial Cs Conc 
(mol/L) 
Free Cs 
(moles/ml) 
Bound Cs 
(moles/g) 
Rd 
(ml/g) % adsorbed n log k k R 
0.01 
1.00E-02 5.60E-06 8.53E-04 152.96 43.96 
0.934 2.082 120.83 0.9883 
1.00E-04 2.52E-08 1.45E-05 575.58 74.81 
1.00E-06 2.07E-10 1.56E-07 751.39 79.28 
1.00E-08 1.88E-12 1.57E-09 838.97 81.20 
1.00E-10 1.86E-14 1.57E-11 897.50 81.38 
1.00E-12 1.61E-16 1.66E-13 1055.69 83.94 
 
0.05 
1.00E-02 5.97E-06 7.94E-04 133.15 40.31 
0.884 1.434 27.17 0.9966 
1.00E-04 3.92E-08 1.19E-05 305.05 60.83 
1.00E-06 3.46E-10 1.29E-07 374.98 65.36 
1.00E-08 3.36E-12 1.31E-09 420.49 66.37 
1.00E-10 3.01E-14 1.36E-11 452.71 69.89 
1.00E-12 2.01E-16 1.56E-13 451.51 69.86 
 
0.1 
1.00E-02 6.02E-06 7.75E-04 129.08 39.81 
0.975 2.086 121.97 0.9892 
1.00E-04 4.91E-08 1.00E-05 203.99 50.93 
1.00E-06 4.35E-10 1.11E-07 255.69 56.54 
1.00E-08 3.99E-12 1.17E-09 292.46 60.09 
1.00E-10 4.51E-14 1.07E-11 269.05 58.03 
1.00E-12 4.29E-16 1.10E-13 258.21 57.14 
 
0.2 
1.00E-02 6.75E-06 6.37E-04 94.43 32.48 
0.975 1.912 81.70 0.9958 
1.00E-04 5.98E-08 7.86E-06 131.48 40.23 
1.00E-06 5.59E-10 8.60E-08 153.77 44.05 
1.00E-08 5.08E-12 9.43E-10 185.70 49.21 
1.00E-10 5.26E-14 9.22E-12 184.65 47.37 
1.00E-12 5.25E-16 9.13E-14 176.31 47.53 
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Caesium Desorption from bentonite 
  pH 4 pH 7 pH 10 
Ionic strength 
(mol/L) 
Initial Cs Conc 
(mol/dm3) 
Initial Bound 
(moles/g) 
Cs Desorbed 
(moles/g) 
% 
Desorbed 
Initial Bound 
(moles/g) 
Cs Desorbed 
(moles/g) 
% 
Desorbed 
Initial Bound 
(moles/g) 
Cs Desorbed 
(moles/g) 
% 
Desorbed 
0.01 
1.00E-02 6.35E-04 1.77E-04 28.07 7.96E-04 2.10E-04 26.36 8.53E-04 2.25E-04 26.54 
1.00E-04 7.47E-06 3.36E-06 45.01 1.28E-05 5.13E-06 40.20 1.45E-05 5.03E-06 34.67 
1.00E-06 9.19E-08 3.82E-08 41.58 1.38E-07 5.21E-08 37.71 1.56E-07 4.93E-08 31.66 
1.00E-08 9.19E-10 4.09E-10 44.49 1.39E-09 5.28E-10 38.05 1.57E-09 4.73E-10 30.08 
1.00E-10 9.79E-12 3.74E-12 38.17 1.29E-11 4.91E-12 38.09 1.57E-11 4.51E-12 28.82 
1.00E-12 9.56E-14 3.99E-14 41.81 1.46E-13 5.29E-14 36.31 1.66E-13 4.13E-14 24.97 
 
0.05 
1.00E-02 5.48E-04 2.02E-04 37.22 7.12E-04 2.20E-04 30.94 7.94E-04 2.40E-04 30.28 
1.00E-04 6.84E-06 3.38E-06 49.57 1.07E-05 5.16E-06 48.05 1.19E-05 4.96E-06 41.70 
1.00E-06 8.39E-08 3.98E-08 47.70 1.15E-07 5.49E-08 47.77 1.29E-07 5.11E-08 39.60 
1.00E-08 9.62E-10 4.19E-10 43.89 1.19E-09 5.47E-10 46.06 1.31E-09 5.16E-10 38.13 
1.00E-10 1.06E-11 3.94E-12 37.14 1.27E-11 5.28E-12 41.72 1.36E-11 4.68E-12 34.43 
1.00E-12 1.06E-13 4.00E-14 37.72 1.34E-13 4.88E-14 36.47 1.56E-13 2.96E-14 32.90 
 
0.1 
1.00E-02 5.53E-04 2.16E-04 39.34 6.64E-04 2.21E-04 33.26 7.75E-04 2.31E-04 29.90 
1.00E-04 6.30E-06 3.25E-06 51.99 9.90E-06 4.87E-06 49.40 1.00E-05 4.95E-06 49.49 
1.00E-06 7.88E-08 3.96E-08 50.52 1.01E-07 5.27E-08 51.93 1.11E-07 4.85E-08 43.66 
1.00E-08 8.96E-10 4.14E-10 46.30 1.04E-09 5.20E-10 50.07 1.17E-09 4.80E-10 41.16 
1.00E-10 9.86E-12 4.25E-12 43.42 1.06E-11 5.38E-12 50.62 1.07E-11 5.35E-12 46.93 
1.00E-12 1.00E-13 4.39E-14 44.39 1.03E-13 5.29E-14 51.41 1.10E-13 5.23E-14 45.94 
 
0.2 
1.00E-02 5.55E-04 2.39E-04 43.33 6.13E-04 2.10E-04 34.16 6.37E-04 2.17E-04 34.14 
1.00E-04 5.77E-06 3.07E-06 53.13 7.29E-06 3.62E-06 49.65 7.86E-06 4.18E-06 53.24 
1.00E-06 7.28E-08 3.79E-08 52.17 8.27E-08 3.91E-08 47.29 8.60E-08 4.15E-08 48.23 
1.00E-08 8.88E-10 4.31E-10 48.54 7.91E-10 4.05E-10 51.17 9.43E-10 4.12E-10 43.68 
1.00E-10 8.98E-12 4.16E-12 46.41 9.05E-12 4.17E-12 46.11 9.22E-12 3.94E-12 42.77 
1.00E-12 9.48E-14 4.24E-14 44.78 8.00E-14 4.56E-14 45.15 9.13E-14 4.29E-14 41.64 
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Strontium sorption to bentonite at pH 4 
 Freundlich Parameters 
Ionic strength (mol/L) Initial Sr Conc (mol/L) Free Sr (moles/ml) Bound Sr (moles/g) Rd (ml/g) % adsorbed n log k k R 
0.01 
1.00E-02 8.15E-06 3.58E-04 43.89 18.48 
0.974 1.781 60.37 0.9980 
1.00E-04 6.01E-08 7.73E-06 128.52 39.87 
1.00E-06 5.70E-10 8.40E-08 148.21 42.99 
1.00E-08 6.20E-12 7.42E-10 123.43 37.99 
1.00E-10 6.15E-14 7.48E-12 121.59 38.50 
1.00E-12 6.45E-16 6.93E-14 114.66 35.51 
 
0.05 
1.00E-02 8.29E-06 3.33E-04 40.22 17.06 
0.973 1.699 49.99 0.9922 
1.00E-04 6.56E-08 6.64E-06 101.28 34.44 
1.00E-06 6.46E-10 6.91E-08 106.82 35.35 
1.00E-08 6.42E-12 7.01E-10 109.39 35.85 
1.00E-10 6.54E-14 6.70E-12 102.44 34.61 
1.00E-12 6.77E-16 6.29E-14 93.67 34.47 
 
0.1 
1.00E-02 8.26E-06 3.43E-04 41.65 17.40 
0.994 1.687 48.69 0.9810 
1.00E-04 7.55E-08 4.76E-06 63.06 24.46 
1.00E-06 7.49E-10 4.81E-08 64.20 25.14 
1.00E-08 7.69E-12 4.51E-10 58.70 23.09 
1.00E-10 7.92E-14 4.05E-12 52.98 20.79 
1.00E-12 7.69E-16 4.46E-14 58.08 23.14 
 
0.2 
1.00E-02 8.76E-06 2.40E-04 27.44 12.42 
0.979 1.236 17.23 0.9910 
1.00E-04 9.02E-08 1.94E-06 26.29 11.62 
1.00E-06 9.09E-10 1.76E-08 26.07 11.83 
1.00E-08 8.55E-12 2.81E-10 32.93 14.49 
1.00E-10 8.53E-14 2.84E-12 33.59 14.69 
1.00E-12 8.45E-16 3.05E-14 36.44 15.49 
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Strontium sorption to bentonite at pH 7 
 Freundlich Parameters 
Ionic strength (mol/L) Initial Sr Conc (mol/L) Free Sr (moles/ml) Bound Sr (moles/g) Rd (ml/g) % adsorbed n log k k R 
0.01 
1.00E-02 8.17E-06 3.52E-04 43.24 18.26 
0.91 1.74 54.969 0.9710 
1.00E-04 2.95E-08 1.37E-05 465.52 70.54 
1.00E-06 2.54E-10 1.45E-07 553.00 74.57 
1.00E-08 2.53E-12 1.44E-09 569.11 74.75 
1.00E-10 2.49E-14 1.46E-11 587.40 75.06 
1.00E-12 2.44E-16 1.49E-13 611.91 75.61 
 
0.05 
1.00E-02 1.00E-02 8.31E-06 39.48 
 
39.48 
16.91 0.95 1.68 48.039 
1.00E-04 5.47E-08 8.83E-06 161.48 45.29 
1.00E-06 5.52E-10 8.76E-08 158.85 44.77 
1.00E-08 5.49E-12 8.89E-10 162.12 45.14 
1.00E-10 5.36E-14 9.05E-12 168.80 46.39 
1.00E-12 5.36E-16 9.20E-14 171.84 46.42 
 
0.1 
1.00E-02 8.97E-06 2.02E-04 22.70 10.27 
0.97 1.39 24.397 0.8896 
1.00E-04 7.04E-08 5.80E-06 82.32 29.56 
1.00E-06 6.92E-10 6.10E-08 88.12 30.79 
1.00E-08 8.58E-12 2.78E-10 44.08 38.96 
1.00E-10 6.90E-14 6.03E-12 87.38 31.00 
1.00E-12 6.98E-16 5.90E-14 84.58 30.24 
 
0.2 
1.00E-02 8.62E-06 2.70E-04 31.40 13.83 
0.99 1.54 34.446 0.9724 
1.00E-04 8.12E-08 3.66E-06 45.12 18.79 
1.00E-06 8.14E-10 3.63E-08 44.63 18.98 
1.00E-08 7.96E-12 3.98E-10 46.34 20.37 
1.00E-10 8.13E-14 3.61E-12 44.47 18.74 
1.00E-12 8.22E-16 3.47E-14 42.21 17.76 
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Strontium sorption to bentonite at pH 10 
 Freundlich Parameters 
Ionic strength (mol/L) Initial Sr Conc (mol/L) Free Sr (moles/ml) Bound Sr (moles/g) Rd (ml/g) % adsorbed n log k k R 
0.01 
1.00E-02 7.85E-06 4.14E-04 53.06 21.46 
0.909 1.905 80.2924 0.9687 
1.00E-04 1.69E-08 1.63E-05 974.02 83.12 
1.00E-06 1.77E-10 1.62E-07 930.50 82.30 
1.00E-08 1.45E-12 1.68E-09 1159.31 85.48 
1.00E-10 1.58E-14 1.64E-11 1049.73 84.19 
1.00E-12 1.88E-16 1.58E-13 846.70 81.23 
 
0.05 
1.00E-02 7.71E-06 4.50E-04 58.48 22.93 
0.958 1.849 70.70135 0.9955 
1.00E-04 4.77E-08 1.03E-05 215.90 52.26 
1.00E-06 4.71E-10 1.04E-07 221.02 52.90 
1.00E-08 5.03E-12 9.70E-10 193.03 49.68 
1.00E-10 4.57E-14 1.05E-11 230.41 54.33 
1.00E-12 4.70E-16 1.04E-13 221.77 53.01 
 
0.1 
1.00E-02 8.22E-06 3.54E-04 43.13 17.84 
0.972 1.692 49.24236 0.9893 
1.00E-04 6.57E-08 6.63E-06 101.13 34.34 
1.00E-06 6.63E-10 6.59E-08 99.55 33.69 
1.00E-08 6.33E-12 7.15E-10 113.01 36.69 
1.00E-10 6.60E-14 6.64E-12 100.60 33.97 
1.00E-12 6.54E-16 6.78E-14 103.89 34.64 
 
0.2 
1.00E-02 8.51E-06 2.90E-04 43.13 17.84 
0.976 1.493 31.1407 0.9522 
1.00E-04 8.01E-08 3.92E-06 101.13 34.34 
1.00E-06 7.81E-10 4.24E-08 99.55 33.69 
1.00E-08 7.80E-12 4.31E-10 113.01 36.69 
1.00E-10 7.66E-14 4.61E-12 100.60 33.97 
1.00E-12 7.50E-16 4.79E-14 103.89 34.64 
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Strontium Desorption from Bentonite 
  pH 4 pH 7 pH 10 
Ionic 
strength 
(mol/L) 
 
Initial Cs Conc 
(mol/dm3) 
Initial Bound 
(moles/g) 
Cs Desorbed 
(moles/g) 
% 
Desorbed 
Initial Bound 
(moles/g) 
Cs Desorbed 
(moles/g) 
% 
Desorbed 
Initial Bound 
(moles/g) 
Cs Desorbed 
(moles/g) 
% 
Desorbed 
0.01 
1.00E-02 3.58E-03 1.21E-03 33.94 3.52E-03 1.20E-03 34.55 4.14E-03 7.42E-04 18.12 
1.00E-04 7.73E-05 2.08E-05 26.84 1.37E-04 4.27E-05 31.14 1.63E-04 2.62E-05 16.06 
1.00E-06 8.40E-07 2.48E-07 29.51 1.45E-06 4.11E-07 28.41 1.62E-06 3.03E-07 18.76 
1.00E-08 7.42E-09 1.83E-09 24.66 1.44E-08 4.06E-09 28.25 1.68E-08 2.63E-09 15.71 
1.00E-10 7.48E-11 2.00E-11 26.81 1.46E-10 4.40E-11 30.01 1.64E-10 2.49E-11 15.18 
1.00E-12 6.93E-13 1.86E-13 27.05 1.49E-12 4.45E-13 29.82 1.58E-12 2.75E-13 14.88 
 
0.05 
1.00E-02 3.33E-03 1.40E-03 42.23 3.28E-03 1.51E-03 46.08 4.50E-03 1.23E-03 27.41 
1.00E-04 6.64E-05 3.76E-05 56.59 8.83E-05 4.57E-05 51.72 1.03E-04 4.35E-05 42.54 
1.00E-06 6.91E-07 3.93E-07 56.89 8.76E-07 1.54E-06 51.10 1.04E-06 4.05E-07 39.02 
1.00E-08 7.01E-09 3.95E-09 56.43 8.89E-09 4.61E-09 51.85 9.70E-09 4.28E-09 44.09 
1.00E-10 6.70E-11 3.70E-11 55.28 9.05E-11 4.41E-11 48.69 1.05E-10 4.27E-11 40.63 
1.00E-12 6.29E-13 3.85E-13 61.78 9.20E-13 4.75E-13 51.66 1.04E-12 4.21E-13 40.57 
 
0.1 
1.00E-02 3.43E-03 1.74E-03 51.39 2.02E-03 1.77E-03 75.31 3.54E-03 1.38E-03 39.11 
1.00E-04 4.76E-05 3.72E-05 78.56 5.80E-05 3.79E-05 65.36 6.63E-05 3.54E-05 53.61 
1.00E-06 4.81E-07 3.71E-07 77.10 6.10E-07 3.75E-07 61.57 6.59E-07 3.68E-07 55.91 
1.00E-08 4.51E-09 3.69E-09 81.85 2.78E-09 7.75E-10 60.23 7.15E-09 3.64E-09 51.10 
1.00E-10 4.05E-11 3.89E-11 96.20 6.03E-11 3.40E-11 56.39 6.64E-11 3.51E-11 52.87 
1.00E-12 4.46E-13 3.82E-13 85.71 5.90E-13 3.50E-13 59.29 6.78E-13 3.77E-13 55.62 
 
0.2 
1.00E-02 2.40E-03 1.37E-03 57.62 2.70E-03 1.09E-03 41.50 2.90E-03 1.08E-03 41.73 
1.00E-04 1.94E-05 2.04E-05 82.17 3.66E-05 1.99E-05 54.36 3.92E-05 2.11E-05 55.15 
1.00E-06 1.76E-07 2.33E-07 90.00 3.63E-07 2.12E-07 58.25 4.24E-07 2.21E-07 52.44 
1.00E-08 2.81E-09 2.03E-09 74.05 3.98E-09 2.07E-09 52.48 4.31E-09 2.11E-09 49.35 
1.00E-10 2.84E-11 2.05E-11 76.85 3.61E-11 2.15E-11 59.70 4.61E-11 2.20E-11 47.71 
1.00E-12 3.05E-13 2.24E-13 77.20 3.47E-13 2.08E-13 60.07 4.79E-13 2.11E-13 44.12 
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Effect of pH on Cadmium, Nickel, Caesium and Strontium sorption/desorption to/from Kaolinite 
  pH 4 pH 7 pH 10 
Metal 
 
Initial Cs 
Conc 
(mol/dm3) 
Initial 
Bound 
(moles/g) 
% 
Adsorbed 
Cs 
Desorbed 
(moles/g) 
% 
Desorbed 
Initial 
Bound 
(moles/g) 
% 
Adsorbed 
Cs 
Desorbed 
(moles/g) 
% 
Desorbed 
Initial 
Bound 
(moles/g) 
% 
Adsorbed 
Cs 
Desorbed 
(moles/g) 
% 
Desorbed 
Cadmium 
1.00E-02 8.38E-05 4.42 8.38E-05 39.24 1.04E-04 5.47 1.04E-04 56.91 
PRECIPITATION 
1.00E-04 1.79E-06 9.25 1.79E-06 45.71 5.17E-06 26.93 5.17E-06 60.84 
1.00E-06 1.42E-08 7.42 1.42E-08 65.97 1.20E-07 61.64 1.20E-07 38.42 
1.00E-08 1.55E-10 8.04 1.55E-10 65.48 1.39E-09 71.69 1.39E-09 32.01 
1.00E-10 1.08E-12 5.58 1.08E-12 90.77 1.58E-11 80.70 1.58E-11 34.63 
1.00E-12 1.08E-14 4.17 1.08E-14 98.27 1.62E-13 83.01 1.62E-13 32.03 
    
Nickel 
1.00E-02 9.46E-04 49.01 9.46E-04 2.38 9.80E-04 50.16 9.80E-04 3.04 
PRECIPITATION 
1.00E-04 9.58E-06 50.31 9.58E-06 5.12 1.15E-05 59.09 1.15E-05 11.63 
1.00E-06 9.63E-08 50.68 9.63E-08 5.47 1.52E-07 79.09 1.52E-07 4.19 
1.00E-08 9.59E-10 49.72 9.59E-10 5.96 1.60E-09 81.33 1.60E-09 3.30 
1.00E-10 9.78E-12 50.12 9.78E-12 4.70 1.52E-11 80.05 1.52E-11 3.51 
1.00E-12 9.69E-14 49.67 9.69E-14 5.39 1.54E-13 81.12 1.54E-13 3.66 
    
Caesium 
1.00E-02 1.63E-04 8.47 1.63E-04 32.59 1.40E-04 7.20 1.40E-04 37.09 1.84E-04 9.47 1.84E-04 26.77 
1.00E-04 3.24E-06 16.83 3.24E-06 59.07 3.61E-06 18.49 3.61E-06 57.47 3.44E-06 17.59 3.44E-06 61.74 
1.00E-06 5.01E-08 26.28 5.01E-08 47.71 5.62E-08 29.45 5.62E-08 61.23 5.62E-08 29.07 5.62E-08 59.45 
1.00E-08 8.30E-10 41.86 8.30E-10 48.48 8.89E-10 45.03 8.89E-10 49.36 8.13E-10 43.46 8.13E-10 49.64 
1.00E-10 8.82E-12 45.91 8.82E-12 45.60 8.51E-12 43.66 8.51E-12 52.36 9.22E-12 47.70 9.22E-12 46.04 
1.00E-12 8.83E-14 46.81 8.83E-14 42.06 8.39E-14 43.97 8.39E-14 48.84 8.92E-14 46.03 8.92E-14 50.80 
    
Strontium 
1.00E-02 1.11E-04 5.77 1.11E-04 27.91 1.34E-04 6.90 1.34E-04 29.67 1.42E-04 7.42 1.42E-04 28.43 
1.00E-04 1.75E-06 9.04 1.75E-06 46.31 2.74E-06 14.16 2.74E-06 51.10 3.73E-06 19.15 3.73E-06 61.77 
1.00E-06 2.05E-08 10.53 2.05E-08 49.67 4.28E-08 22.34 4.28E-08 61.25 5.86E-08 30.18 5.86E-08 64.45 
1.00E-08 2.29E-10 11.83 2.29E-10 44.45 4.52E-10 23.44 4.52E-10 60.73 6.40E-10 33.28 6.40E-10 63.29 
1.00E-10 1.70E-12 10.93 1.70E-12 42.81 4.45E-12 23.12 4.45E-12 65.20 6.35E-12 32.81 6.35E-12 62.37 
1.00E-12 1.98E-14 10.10 1.98E-14 43.32 4.39E-14 22.50 4.39E-14 66.67 7.00E-14 35.94 7.00E-14 60.31 
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CHAPTER 5- TERNARY SORPTION SYSTEMS 
HA and pH effects on Cs sorption/desorption to/from bentonite 
HA conc (ppm) pH Cs Conc. (mol/L) Cs Free (mols/ml) Bound Cs (moles/g) Rd (ml/g) % Adsorption Cs desorded % Cs desorded 
0 5 1.00E-04 4.78E-08 1.02E-05 213.03 52.18 0.00E+00 0.00 
0 6 1.00E-04 4.97E-08 9.98E-06 200.69 50.26 4.80E-07 4.81 
0 7 1.00E-04 4.98E-08 9.80E-06 195.03 50.18 8.30E-07 8.47 
0 8 1.00E-04 5.54E-08 8.54E-06 154.32 44.63 9.43E-07 11.04 
0 9 1.00E-04 5.55E-08 8.60E-06 154.95 44.46 1.52E-06 17.65 
 
10 5 1.00E-04 5.52E-08 8.68E-06 158.10 44.76 1.71E-07 1.97 
10 6 1.00E-04 5.36E-08 9.01E-06 168.05 46.38 5.52E-07 6.12 
10 7 1.00E-04 5.88E-08 8.10E-06 138.02 41.23 9.03E-07 11.14 
10 8 1.00E-04 5.59E-08 8.56E-06 153.53 44.12 1.11E-06 12.99 
10 9 1.00E-04 5.93E-08 7.89E-06 133.70 40.73 1.07E-06 13.52 
 
20 5 1.00E-04 5.20E-08 9.34E-06 179.93 48.00 2.54E-07 2.72 
20 6 1.00E-04 3.98E-08 1.17E-05 300.13 60.24 4.17E-07 3.56 
20 7 1.00E-04 5.48E-08 8.88E-06 162.48 45.19 1.12E-06 12.61 
20 8 1.00E-04 5.82E-08 8.17E-06 140.78 41.83 1.00E-06 12.25 
20 9 1.00E-04 6.04E-08 7.71E-06 127.59 39.59 1.25E-06 16.23 
 
50 5 1.00E-04 5.46E-08 8.87E-06 162.69 45.35 2.38E-07 2.68 
50 6 1.00E-04 5.63E-08 8.59E-06 153.13 43.71 8.59E-07 10.01 
50 7 1.00E-04 5.88E-08 8.03E-06 136.64 41.20 6.87E-07 8.56 
50 8 1.00E-04 6.17E-08 7.41E-06 120.26 38.29 1.12E-06 15.13 
50 9 1.00E-04 6.31E-08 7.35E-06 116.53 36.91 1.17E-06 15.94 
 
100 5 1.00E-04 5.84E-08 8.16E-06 139.89 41.60 4.97E-07 6.09 
100 6 1.00E-04 5.70E-08 8.39E-06 147.63 43.03 9.14E-07 10.89 
100 7 1.00E-04 5.77E-08 8.24E-06 143.41 42.30 1.03E-06 12.50 
100 8 1.00E-04 6.32E-08 7.17E-06 115.15 36.80 1.16E-06 16.24 
100 9 1.00E-04 6.24E-08 7.36E-06 118.46 37.63 1.15E-06 15.58 
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250 5 1.00E-04 5.76E-08 8.31E-06 144.92 42.42 6.82E-07 8.21 
250 6 1.00E-04 5.91E-08 7.91E-06 134.93 40.86 1.05E-06 13.20 
250 7 1.00E-04 5.98E-08 7.80E-06 131.28 40.20 9.40E-07 12.06 
250 8 1.00E-04 6.10E-08 7.66E-06 125.76 38.99 9.86E-07 12.88 
250 9 1.00E-04 6.22E-08 7.40E-06 118.98 37.80 1.11E-06 14.95 
 
500 5 1.00E-04 5.41E-08 8.81E-06 164.21 45.94 1.31E-06 14.89 
500 6 1.00E-04 5.48E-08 8.81E-06 160.82 45.23 1.04E-06 11.77 
500 7 1.00E-04 5.92E-08 7.92E-06 134.25 40.81 1.12E-06 14.19 
500 8 1.00E-04 6.08E-08 7.58E-06 125.44 39.20 9.98E-07 13.16 
500 9 1.00E-04 6.64E-08 6.57E-06 99.47 33.64 8.13E-07 12.38 
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HA and pH effect on Sr Sorption/desorption to/from bentonite 
HA conc (ppm) pH Sr Conc. (mol/L) Sr Free (mols/ml) Bound Sr (moles/g) Rd (ml/g) % Adsorption Sr desorded % Sr desorded 
0 5 1.00E-04 8.70E-08 2.52E-06 29.0 12.97 2.52E-06 100 
0 6 1.00E-04 8.50E-08 2.94E-06 34.5 14.97 2.48E-06 84.47 
0 7 1.00E-04 8.38E-08 3.17E-06 37.9 16.21 2.30E-06 72.35 
0 8 1.00E-04 8.55E-08 2.84E-06 33.3 14.51 2.63E-06 92.29 
0 9 1.00E-04 8.45E-08 3.07E-06 36.3 15.53 2.64E-06 86.00 
 
10 5 1.00E-04 7.95E-08 4.00E-06 50.4 20.49 3.45E-06 86.32 
10 6 1.00E-04 8.05E-08 3.80E-06 47.2 19.55 3.57E-06 94.13 
10 7 1.00E-04 7.97E-08 3.96E-06 49.6 20.30 3.34E-06 84.33 
10 8 1.00E-04 7.59E-08 4.73E-06 62.4 24.13 3.70E-06 78.26 
10 9 1.00E-04 7.40E-08 4.98E-06 67.3 25.95 3.85E-06 77.19 
 
20 5 1.00E-04 8.04E-08 3.84E-06 47.8 19.62 3.28E-06 85.44 
20 6 1.00E-04 7.95E-08 4.00E-06 50.3 20.49 2.91E-06 72.84 
20 7 1.00E-04 7.92E-08 4.04E-06 51.0 20.84 2.63E-06 65.13 
20 8 1.00E-04 7.59E-08 4.66E-06 61.4 24.06 2.93E-06 62.82 
20 9 1.00E-04 7.29E-08 5.25E-06 72.0 27.10 3.28E-06 62.58 
 
50 5 1.00E-04 7.86E-08 4.20E-06 53.4 21.35 3.04E-06 72.41 
50 6 1.00E-04 7.78E-08 4.30E-06 55.2 22.17 3.04E-06 70.65 
50 7 1.00E-04 7.67E-08 4.54E-06 59.2 23.25 2.81E-06 61.95 
50 8 1.00E-04 7.39E-08 5.15E-06 69.7 26.12 2.97E-06 57.79 
50 9 1.00E-04 7.23E-08 5.44E-06 75.2 27.66 2.92E-06 53.72 
 
100 5 1.00E-04 7.85E-08 4.14E-06 52.8 21.47 3.01E-06 72.70 
100 6 1.00E-04 7.76E-08 4.38E-06 56.4 22.40 2.99E-06 68.39 
100 7 1.00E-04 7.65E-08 4.64E-06 60.6 23.47 2.81E-06 60.67 
100 8 1.00E-04 7.37E-08 5.14E-06 69.7 26.30 3.21E-06 62.40 
100 9 1.00E-04 7.02E-08 5.84E-06 83.3 29.83 3.95E-06 67.65 
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250 5 1.00E-04 7.61E-08 4.65E-06 61.1 23.90 3.67E-06 79.04 
250 6 1.00E-04 7.66E-08 4.57E-06 59.6 23.41 3.72E-06 81.52 
250 7 1.00E-04 7.72E-08 4.45E-06 57.6 22.81 3.62E-06 81.37 
250 8 1.00E-04 7.56E-08 4.77E-06 63.1 24.42 3.87E-06 81.12 
250 9 1.00E-04 7.58E-08 4.79E-06 63.1 24.16 4.12E-06 86.11 
 
500 5 1.00E-04 8.29E-08 3.35E-06 40.5 17.10 3.35E-06 100.00 
500 6 1.00E-04 8.31E-08 3.28E-06 39.5 16.87 3.28E-06 100.00 
500 7 1.00E-04 8.46E-08 3.02E-06 35.7 15.37 3.02E-06 100.00 
500 8 1.00E-04 8.21E-08 3.46E-06 42.2 17.94 3.46E-06 100.00 
500 9 1.00E-04 8.20E-08 3.51E-06 42.8 18.02 3.51E-06 100.00 
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Effects of HA and pH on metal sorption to kaolinite 
 
 
pH 
5 6 7 8 9 
 HA conc (ppm) 
Initial 
Metal Conc 
(mol dm-3) 
Bound 
(mol g-1) 
Rd 
(g ml-1) 
% 
bound 
Bound 
(mol g-1) 
Rd 
(g ml-1) 
% 
bound 
Bound 
(mol g-1) 
Rd 
(g ml-1) 
% 
bound 
Bound 
(mol g-1) 
Rd 
(g ml-1) 
% 
bound 
Bound 
(mol g-1) 
Rd 
(g ml-1) 
% 
bound 
Cd 
0 1.0 * 10-4 1.92E-06 16.09 7.47 2.75E-06 32.03 13.97 5.11E-06 69.88 26.82 6.63E-06 100.72 33.62 1.54E-05 733.24 78.69 
5 1.0 * 10-4 1.30E-06 14.03 6.76 3.30E-06 39.66 16.90 6.07E-06 89.15 31.75 8.01E-06 137.40 41.30 1.68E-05 1326.91 87.31 
10 1.0 * 10-4 1.70E-06 22.65 8.86 1.28E-06 13.85 6.78 4.44E-06 57.29 22.46 6.33E-06 138.24 32.62 1.61E-05 895.64 82.00 
20 1.0 * 10-4 1.85E-07 2.71 1.38 1.31E-06 14.13 6.64 4.68E-06 62.02 24.27 7.31E-06 119.48 38.72 1.63E-05 1007.75 83.76 
50 1.0 * 10-4 8.98E-07 9.57 4.75 2.67E-06 30.95 13.59 4.29E-06 86.40 21.77 8.86E-06 162.43 45.36 1.53E-05 788.03 80.51 
100 1.0 * 10-4 2.20E-06 25.01 11.39 3.52E-06 43.38 18.44 6.27E-06 93.37 32.45 8.25E-06 142.25 41.99 1.36E-05 468.22 72.75 
 
Ni 
0 1.0 * 10-4 8.76E-07 9.21 4.56 9.06E-07 9.52 4.75 3.57E-06 44.03 18.91 9.53E-06 191.58 49.91 1.92E-05 10672.37 98.19 
5 1.0 * 10-4 9.7E-07 10.24 5.10 1.69E-06 18.54 8.76 5.55E-06 78.18 28.74 1.34E-05 464.73 71.08 1.91E-05 32352.79 99.41 
10 1.0 * 10-4 7.03E-07 7.32 3.66 1.86E-06 20.56 9.73 4.2E-06 54.28 22.50 1.14E-05 290.89 60.71 1.91E-05 29477.92 99.35 
20 1.0 * 10-4 9.47E-07 9.97 4.97 1.84E-06 20.42 9.74 4.54E-06 59.29 23.37 8.22E-06 147.76 43.44 1.94E-05 14757.45 98.68 
50 1.0 * 10-4 2.07E-06 23.22 10.65 2.96E-06 35.14 15.35 5.5E-06 77.06 28.57 7.44E-06 119.89 37.89 1.78E-05 2234.41 92.03 
100 1.0 * 10-4 2.65E-06 30.76 13.74 4.14E-06 52.92 21.50 6.13E-06 89.99 31.79 6.96E-06 110.32 36.65 1.74E-05 1420.85 87.72 
 
Cs 
0 1.0 * 10-4 7.41E-07 7.80 3.90 6.68E-07 7.11 3.48 6.57E-07 6.85 3.46 1.11E-06 11.76 5.65 1.04E-06 10.99 5.48 
5 1.0 * 10-4 6.99E-07 7.41 3.64 7.77E-07 8.12 3.99 8.88E-07 9.31 4.58 9.65E-07 10.32 4.98 1.03E-06 10.93 5.36 
10 1.0 * 10-4 1.30E-06 14.32 6.55 8.76E-07 9.19 4.49 8.96E-07 9.40 4.63 1.02E-06 10.78 5.22 5.3E-07 5.51 2.77 
20 1.0 * 10-4 6.90E-07 7.32 3.55 9.6E-07 10.17 4.87 7.22E-07 7.59 3.78 7.6E-07 7.98 3.95 1.3E-06 14.18 6.77 
50 1.0 * 10-4 1.00E-06 10.63 5.17 8.74E-07 9.22 4.59 7.32E-07 7.63 3.77 1.47E-06 15.97 7.61 6.7E-07 6.98 3.53 
100 1.0 * 10-4 4.22E-07 4.35 2.20 6.55E-07 6.82 3.37 4.69E-07 4.87 2.39 5.41E-07 5.60 2.85 5.63E-07 5.81 2.89 
 
Sr 
0 1.0 * 10-4 2.08E-07 2.10 1.06 4.76E-07 4.89 2.46 9.47E-07 9.96 4.80 1.6E-06 17.52 8.31 1.68E-06 18.46 8.78 
5 1.0 * 10-4 2.12E-07 2.15 1.08 3.66E-07 3.74 1.90 8.51E-07 8.90 4.38 1.41E-06 15.18 7.31 1.39E-06 14.99 7.13 
10 1.0 * 10-4 5.05E-07 5.20 2.62 7.77E-07 8.13 4.37 9.14E-07 9.62 4.70 1.45E-06 15.69 7.38 1.96E-06 21.89 9.98 
20 1.0 * 10-4 6.93E-07 7.21 3.55 9.58E-07 10.12 4.97 9.28E-07 9.77 4.94 1.65E-06 18.15 8.66 2.08E-06 23.40 10.62 
50 1.0 * 10-4 8.27E-07 8.66 4.20 1.09E-06 11.61 5.67 1.23E-06 13.23 6.36 2.18E-06 24.59 11.53 2.54E-06 29.19 13.10 
100 1.0 * 10-4 6.77E-07 7.02 3.48 1.12E-06 11.96 5.83 1.39E-06 15.01 7.19 2.09E-06 23.52 10.99 2.23E-06 25.35 11.63 
271 
 
 
 
Effects of pH and HA on desorption of metals from kaolinite 
 
pH 
5 6 7 8 9 
 HA Bound (mols g-1) 
Desorbed 
(mols g-1) 
% 
Desorbed Bound Desorbed % Desorbed Bound Desorbed % Desorbed Bound Desorbed % Desorbed Bound Desorbed % Desorbed 
Cd 
0 1.92E-06 1.92E-06 77.39 2.75E-06 2.75E-06 67.39 5.11E-06 5.11E-06 58.52 6.63E-06 6.63E-06 59.35 1.54E-05 1.54E-05 33.70 
5 1.30E-06 1.30E-06 83.31 3.30E-06 3.30E-06 57.23 6.07E-06 6.07E-06 58.05 8.01E-06 8.01E-06 53.79 1.68E-05 1.68E-05 35.92 
10 1.70E-06 1.70E-06 55.36 1.28E-06 1.28E-06 49.07 4.44E-06 4.44E-06 41.56 6.33E-06 6.33E-06 39.88 1.61E-05 1.61E-05 38.41 
20 1.85E-07 1.85E-07 55.97 1.31E-06 1.31E-06 51.09 4.68E-06 4.68E-06 48.59 7.31E-06 7.31E-06 44.46 1.63E-05 1.63E-05 41.34 
50 8.98E-07 8.98E-07 94.78 2.67E-06 2.67E-06 93.16 4.29E-06 4.29E-06 61.02 8.86E-06 8.86E-06 51.71 1.53E-05 1.53E-05 31.09 
100 2.20E-06 2.20E-06 87.70 3.52E-06 3.52E-06 73.23 6.27E-06 6.27E-06 47.03 8.25E-06 8.25E-06 46.04 1.36E-05 1.36E-05 27.24 
 
Ni 
0 8.76E-07 8.76E-07 95.27 9.06E-07 9.06E-07 81.36 3.57E-06 3.57E-06 54.48 9.53E-06 9.53E-06 24.16 1.92E-05 1.92E-05 12.92 
5 9.70E-07 9.70E-07 96.25 1.69E-06 1.69E-06 74.39 5.55E-06 5.55E-06 48.77 1.34E-05 1.34E-05 22.13 1.91E-05 1.91E-05 4.13 
10 7.03E-07 7.03E-07 90.27 1.86E-06 1.86E-06 79.23 4.20E-06 4.20E-06 57.34 1.14E-05 1.14E-05 27.94 1.91E-05 1.91E-05 4.23 
20 9.47E-07 9.47E-07 89.79 1.84E-06 1.84E-06 82.15 4.54E-06 4.54E-06 53.86 8.22E-06 8.22E-06 37.74 1.94E-05 1.94E-05 4.45 
50 2.07E-06 2.07E-06 78.25 2.96E-06 2.96E-06 66.53 5.50E-06 5.50E-06 41.83 7.44E-06 7.44E-06 38.74 1.78E-05 1.78E-05 4.73 
100 2.65E-06 2.65E-06 63.67 4.14E-06 4.14E-06 44.51 6.13E-06 6.13E-06 33.56 6.96E-06 6.96E-06 34.98 1.74E-05 1.74E-05 3.32 
 
Cs 
0 7.41E-07 7.41E-07 86.24 6.68E-07 6.68E-07 79.37 6.57E-07 6.57E-07 72.53 1.11E-06 1.11E-06 63.80 1.04E-06 1.04E-06 57.41 
5 6.99E-07 6.99E-07 69.37 7.77E-07 7.77E-07 65.34 8.88E-07 8.88E-07 62.35 9.65E-07 9.65E-07 58.59 1.03E-06 1.03E-06 57.20 
10 1.30E-06 1.30E-06 69.74 8.76E-07 8.76E-07 65.57 8.96E-07 8.96E-07 65.96 1.02E-06 1.02E-06 60.53 5.30E-07 5.30E-07 57.03 
20 6.90E-07 6.90E-07 60.93 9.60E-07 9.60E-07 57.74 7.22E-07 7.22E-07 54.40 7.60E-07 7.60E-07 54.09 1.30E-06 1.30E-06 48.63 
50 1.00E-06 1.00E-06 67.79 8.74E-07 8.74E-07 61.81 7.32E-07 7.32E-07 50.12 1.47E-06 1.47E-06 49.72 6.70E-07 6.70E-07 44.34 
100 4.22E-07 4.22E-07 74.95 6.55E-07 6.55E-07 71.33 4.69E-07 4.69E-07 59.73 5.41E-07 5.41E-07 49.78 5.63E-07 5.63E-07 47.83 
 
Sr 
0 2.08E-07 2.08E-07 87.57 4.76E-07 4.76E-07 75.28 9.47E-07 9.47E-07 72.03 1.60E-06 1.60E-06 60.98 1.68E-06 1.68E-06 52.91 
5 2.12E-07 2.12E-07 79.43 3.66E-07 3.66E-07 70.91 8.51E-07 8.51E-07 62.22 1.41E-06 1.41E-06 51.65 1.39E-06 1.39E-06 47.76 
10 5.05E-07 5.05E-07 84.83 7.77E-07 7.77E-07 72.31 9.14E-07 9.14E-07 59.80 1.45E-06 1.45E-06 55.84 1.96E-06 1.96E-06 45.12 
20 6.93E-07 6.93E-07 80.61 9.58E-07 9.58E-07 67.16 9.28E-07 9.28E-07 64.20 1.65E-06 1.65E-06 55.45 2.08E-06 2.08E-06 43.55 
50 8.27E-07 8.27E-07 75.70 1.09E-06 1.09E-06 64.57 1.23E-06 1.23E-06 62.61 2.18E-06 2.18E-06 56.52 2.54E-06 2.54E-06 42.87 
100 6.77E-07 6.77E-07 78.83 1.12E-06 1.12E-06 67.50 1.39E-06 1.39E-06 61.69 2.09E-06 2.09E-06 60.52 2.23E-06 2.23E-06 44.38 
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CHAPTER 6 – SOPRTION TO CLAY MATRICES 
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 Metal 
Conc. 
(mol dm-3) 
Magodo Laterite Ikeja Loam London Clay Mercia Mudstone 
Bound % Adsorbed % Desorbed Bound % Adsorbed % Desorbed Bound % Adsorbed % Desorbed Bound % Adsorbed % Desorbed 
Cd 
1.00E-02 8.73E-05 4.46 39.61 1.87E-04 9.50 47.63 2.62E-04 13.78 98.91 1.41E-04 7.29 37.95 
1.00E-04 2.65E-06 13.82 77.10 1.61E-05 82.97 5.02 1.31E-05 67.53 14.24 5.24E-06 27.12 44.99 
1.00E-06 1.12E-07 58.38 34.05 1.85E-07 96.46 1.92 1.86E-07 94.86 3.72 1.78E-07 91.62 2.45 
1.00E-08 1.41E-09 72.60 18.97 1.91E-09 96.87 1.49 1.86E-09 96.37 2.77 1.78E-09 94.86 3.55 
1.00E-10 1.42E-11 73.93 18.66 1.89E-11 97.06 1.32 1.83E-11 96.89 2.19 1.77E-11 91.61 3.35 
1.00E-12 1.42E-13 74.10 17.70 1.90E-13 98.05 1.47 1.85E-13 97.80 1.85 1.81E-13 94.08 4.29 
 
Ni 
1.00E-02 4.53E-05 3.28 67.21 2.41E-04 12.29 32.05 3.61E-04 18.63 26.40 2.38E-04 12.16 9.19 
1.00E-04 3.50E-06 18.07 61.62 1.48E-05 75.43 6.55 1.56E-05 80.18 10.93 1.61E-05 82.78 1.18 
1.00E-06 1.12E-07 57.31 28.81 1.78E-07 90.75 2.78 1.84E-07 95.39 3.39 1.81E-07 92.91 1.92 
1.00E-08 1.21E-09 63.24 27.64 1.78E-09 91.46 2.94 1.84E-09 96.20 3.18 1.81E-09 93.43 1.70 
1.00E-10 1.24E-11 64.43 26.71 1.78E-11 91.73 2.92 1.86E-11 96.00 3.43 1.78E-11 91.96 1.75 
1.00E-12 1.28E-13 65.89 27.73 1.79E-13 92.99 2.95 1.85E-13 96.04 3.16 1.62E-13 86.14 3.43 
 
Cs 
1.00E-02 9.44E-05 4.88 54.61 2.27E-04 11.59 41.91 1.21E-04 6.30 84.66 8.18E-06 0.42 90.20 
1.00E-04 2.58E-06 13.61 90.30 4.79E-06 24.70 53.57 6.47E-06 33.37 78.21 4.33E-06 22.25 84.60 
1.00E-06 4.59E-08 23.92 89.16 8.93E-08 45.87 49.11 1.80E-07 93.29 5.47 1.48E-07 75.99 10.40 
1.00E-08 5.10E-10 26.19 88.13 1.20E-09 61.13 21.51 1.92E-09 98.83 0.82 1.89E-09 96.91 2.12 
1.00E-10 1.16E-11 59.65 55.49 1.68E-11 87.54 13.17 1.92E-11 98.99 0.68 1.87E-11 97.86 1.54 
1.00E-12 1.11E-13 56.18 37.42 1.71E-13 88.13 25.74 1.92E-13 99.06 0.68 1.91E-13 97.57 2.41 
 
Sr 
1.00E-02 9.55E-05 4.86 38.10 2.00E-04 10.29 56.22 1.09E-04 5.54 80.39 6.13E-05 3.13 63.54 
1.00E-04 1.45E-06 7.79 78.40 7.61E-06 38.82 49.82 4.24E-06 21.73 91.54 2.12E-06 10.87 80.85 
1.00E-06 1.65E-08 8.62 82.65 8.65E-08 44.10 46.34 4.78E-08 24.64 83.41 2.88E-08 14.84 71.98 
1.00E-08 1.70E-10 8.83 82.42 8.79E-10 44.90 46.08 4.53E-10 23.50 85.90 2.74E-10 14.19 77.70 
1.00E-10 2.09E-12 10.84 77.36 8.57E-12 44.22 49.32 4.43E-12 23.13 88.92 2.52E-12 13.15 85.10 
1.00E-12 2.38E-14 12.33 52.70 8.80E-14 46.02 54.55 5.16E-14 26.12 70.74 2.67E-14 13.53 83.95 
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 pH Magodo Laterite Magodo Laterite – Org Matter Ikeja Loam Ikeja Loam – Org. Matter 
Bound 
(moles g-
1) 
% Adsorbed % Desorbed Bound % Adsorbed % Desorbed Bound % Adsorbed % Desorbed Bound % Adsorbed % Desorbed 
Cd 
5 1.57E-06 9.07 4.47 9.19E-07 5.42 2.14 9.47E-06 54.58 4.91 7.19E-06 42.51 5.13 
6 2.13E-06 12.27 5.81 1.48E-06 8.72 3.61 1.25E-05 71.81 4.08 9.24E-06 54.49 5.10 
7 3.64E-06 20.97 7.84 3.5E-06 20.46 6.22 1.44E-05 82.95 2.12 1.22E-05 71.93 3.73 
8 8.52E-06 49.13 13.63 7.76E-06 45.79 15.04 1.58E-05 91.10 1.60 1.42E-05 84.57 3.38 
9 1.54E-05 88.94 9.83 1.57E-05 92.30 14.40 1.71E-05 98.31 0.96 1.63E-05 95.23 2.76 
 
Ni 
5 8.99E-06 51.82 1.82 8.5E-06 50.30 1.22 1.28E-05 74.04 1.84 1.08E-05 63.65 3.26 
6 9.82E-06 56.60 2.62 9.36E-06 54.93 2.24 1.45E-05 83.45 1.46 1.16E-05 68.72 3.04 
7 1.18E-05 69.26 3.85 1.14E-05 68.29 3.79 1.51E-05 87.08 0.95 1.3E-05 76.01 2.14 
8 1.39E-05 81.77 5.32 1.36E-05 79.67 9.40 1.48E-05 86.62 1.57 1.27E-05 75.13 2.98 
9 1.69E-05 99.30 2.04 1.68E-05 99.41 6.13 1.7E-05 98.48 0.38 1.65E-05 97.90 0.63 
 
  London Clay London Clay – Org Matter Mercia Mudstone Mercia Mudstone – Org Matter 
Cs 
5 1.59E-05 16.14 2.703 2.10E-05 21.37 0.960 1.64E-05 16.67 1.192 2.05E-05 20.79 0.961 
6 1.93E-05 19.61 -9.029 2.45E-05 24.91 2.066 1.12E-05 11.36 2.553 1.80E-05 18.29 1.410 
7 7.62E-06 7.73 -0.873 2.34E-05 23.73 1.042 2.04E-05 20.75 0.917 2.70E-05 27.38 5.088 
8 2.65E-05 26.91 1.169 3.73E-05 37.86 0.500 1.51E-05 15.32 1.334 -5.24E-06 -5.32 -0.419 
9 2.64E-05 26.83 0.805 3.94E-05 39.96 0.471 2.49E-05 25.25 0.800 1.18E-05 17.37 7.572 
 
Sr 
5 5.84E-06 31.31 25.29 4.71E-06 25.10 33.90 2.56E-06 13.52 13.87 2.13E-06 11.37 21.47 
6 5.84E-06 30.64 24.65 4.73E-06 25.11 34.78 2.31E-06 12.35 20.86 2.02E-06 10.68 32.48 
7 5.84E-06 30.84 25.57 4.89E-06 26.17 35.30 2.62E-06 13.75 28.23 2.34E-06 12.40 41.87 
8 5.73E-06 30.41 30.96 5.05E-06 27.16 36.31 2.35E-06 12.42 40.99 2.36E-06 12.84 57.75 
9 5.73E-06 30.62 32.96 5.59E-06 30.17 34.68 2.69E-06 14.30 41.74 2.58E-06 13.73 60.08 
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CHAPTER 7 – ADDITIVITY PRINCIPLE 
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